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material, they are collected somewhat slowly by the diffusion process. This has the
effect of producing a long ‘diffusion tail’ on a short optical pulse. When the APD
is fully depleted by employing electric fields in excess of 10* Vm ™!, all the carriers
drift at saturation-limited velocities. In this case th: response time for the device is
limited by three factors. These are:

(a) the transit time of the carriers across the absorption region (i.e. the depletion
width);

(b) the time taken by the carriers to perform the avalanche muitiplication process;
and

(c) the RC time constant incurred by the junction capacitance of the diode and its
load.

At low gain the transit time and RC effects dominate giving a definitive responsc
time and hence constant bandwidth for the device. However. at high gain the
avalanche build-up time dominates and therefore the device bandwidth decreases
proportionately with increasing gain. Such APD operation is distinguished by a
constant gain—bandwidth product.

Often an asymmetric pulse shape is obtained from the APD which results from
a relatively fast rise time as the electrons are collected and a fall time dictated by
the transit time of the holes travelling at a slower speed. Hence, although the use
of suitable materials and structures may give rise times between 150 and 200 ps, fall
times of 1 ns or more are quite common which limit the overall response of the
device.

8.9.2 Silicon reach through avalanche photodiodes

To ensure carrier multiplication without excess noise for a specific thickness of
multiplication region within the APD it is necessary to reduce the ratio of the
ionization coeflicients for electrons and holes A (see Section 9.3.4). In silicon this
ratio is a strong function of the electric field varying from around 0.1 at
3Ix10°Vm 'to0.5at 6x 10° Vm™'. Hence for minimum noise, the electric field
at avalanche breakdown must be as low as possible and the impact ionization
should be initiated by electrons. To this end a ‘reach through’ structure has been
implemented with the silicon avalanche photodiode. The silicon ‘reach through’
APD(RAPD) consists of p*—x—p—n" layers as shown in Figure 8.13(a). As may
be seen from the corresponding field plot in Figure 8.13(b), the high field region
where the avalanche multiplication takes place is relatively narrow and centred on
the p—n* junction. Thus under low reverse bias most of the voltage is dropped
across the p—n™ junction.

When the reverse bias voltage is increased the depletion layer widens across the
p region until it ‘reaches through’ to the nearly intrinsic (lightly doped) 7 regiou.
Since the 7 region is much wider than the p region the field in the 7 region is much
Jower than that at the p—n* junction (see Figure 8.13(b)). This has the effect of
removing some of the excess applied voltage from the multiplication region to the
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Figure 8.13 (a) Structure of a silicon RAPD. (b) The field distribution in the
RAPD showing the gain region across the p-n" junction.
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Figure 8.14 Measurement of quantum efficiency against wavelength for a
silicon RAPD. After Ref. 16. Reprinted with permission from The Bell System
Technical Journal. © 1978, AT&T.
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7 region giving a relatively slow increase in multiplication factor with applied
voltage. Although the field in the 7 region is lower than in the multiplication region
it is high enough (2 x 10* Vcm™') when the photodiode is operating to sweep the
carriers through to the multiplication region at thcir scattering limited velocity
(10" cms™'). This limits the transit time and ensures a fast response (as short as
0.5 ns).

Measurements [Ref. 16] for a silicon RAPD for optical fiber communication
applications at a wavelength of 0.825 ym have shown a quantum efficiency (without
avalanche gain) of nearly 100% in the working region, as may be seen in Figure
8.14. The dark currents for this photodiode arc also low and depend only slightly
on bias voltage.

8.9.3 Germanium avalanche photodiodes

The elemental semiconductor germanium has been used to fabricate relatively
sensitive and tast APDs that may be used over almost the entire wavelength range
of primary interest at present (0.8-1.6 um). However, it was clear from an early
stage that higher dark currents together with larger excess noise factors (see Section
9.3.3) than those in silicon APDs were a problem with these devices. The large dark
currents were associated with edge and surface effects resulting from difficulties in
passivating germanium, and were also a direct consequence of the small ¢nergy
bandgap as mentioned earlier in Section 8.4.2.

In the late 1970s when interest increased in the fabrication of detectors for longer
wavelength operation (1.1-1.6 um), germanium APDs using a conventional n*p
structure similar fo the silicon APD shown in Figure 8.12 were produced [Ref. 18].
However, such devices exhibited dark currents near breakdown of between 100 nA
and 300 nA which were very sensitive to temperature variations [Ref. 6].
Furthermore, unlike the situation with silicon APDs, these dark currents had
significant components of both bulk (multiplied) and surface (unmultiplied)
current. It was the multiplied component (typically 100 nA for the n* p structure)
which needed to be reduced (to around 1nA) in order to provide low noise
operation. In addition, large excess noise factors associated with the avalanche
multiplication process were obtained as a result of electrons rather than holes
(which have a higher impact ionization coefficient in germanium) initiating the
multiplication process. One advantage, however, of such germanium APDs over
their silicon counterparts is that because of the relatively high absorption coefficient
exhibited by germanium at 1.3 um, avalanche breakdown voltages are quite low
(typically 25 V).

Germanium APD structures have been fabricated to- provide multiplication
initiated by holes thus to reduce the excess noise factor in the longer wavelength
region. For example, a " np structure has been demonstrated [Ref. 19] which goes
some way to achieving this performance by reducing ihe factor by some 30% on
that obtained in n* p devices. However, multiplied dark current around 1 pA was
obtained when operating at a wavelength of 1.3 um and a multiplication factor of
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ten. An alternative device providing similar results utilizes the p* n structure |Ref.
20] shown in Figure 8.15(a). In this case dark currents were reduced to between 150
and 250 nA by using an ion iraplanted technology [Rer. 215 and subsequently to
around 5 nA by reducing the device sensitive area from 100 um to 30 umn [Ref. 22].

Unfortunately, the speed of the p™n structure at a wavelength of 1.5 umn is poor
because most of the absorption in germanium at this wavelength takes place outside
the depietion region.* This has led to the development of the p*na~ structure

* The absorption length in germanium at a wavelength of 1.5 xm is 10 gm.
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shown in Figure 8.15(b) [Ref. 23] which resembles the reach through structure used
for silicon APDs (see Section 8.6.2). It is known as a Hi-Lo structure as it
combines high bandwidth (700 MHz) with low multiplied dark current (33 nA) and
good excess noise performance. However, the breakdown voltage is higher at
+85V and the unmultiplied dark currents are around 1 pA. Nevertheless, these
Hi—Lo devices appear to be among the highest performance germanium APDs for
longer wavelength operation and are only eclipsed by the emerging III-V alloy
APDs which do not exhibit quite the same fundamental material limitations.

8.9.4 111-V alloy avalanche photodiodes

Due to the drawbacks with germanium APDs for longer wavelength operation
much effort has been expended in the study of HI-V semiconductor alloys for
the fabrication of APDs. In particular, the ternary InGaAs/InP and quaternary
InGaAsP/InP material systems have been successfully employed. In common with
the silicon reach through APD (see Section 8.9.2) separate absorption and
multiplication regions are provided, as illustrated in Figure 8.16. This defines the
so-called SAM (separate absorption and multiplication) APD which is a
heterostructure device designed so that the muitiplication takes place in the InP
p-n junction [Ref. 24]. The performance of such long wavelength APDs is limited,
however, by the fundamental properties of the material systems.

A first limitation is related to the large tunnelling currents associated with the
narrow bandgap required for longer wavelength optical absorption. The band to
band or defect assisted tunnelling currents become large before the electric field is
high enough to obtain significant avalanche gain. This problem is substantially
reduced using a separate absorption and multiplication region with the gain

r——— inP —————br—— InGaAs ——>
Pl o - |

Multiplication ¢ Absorption
l<~ . ; —
region ! region

E field

:

Figure 8.16 Separate absorption and multiplication (SAM) APD laver
composition and electric field profile.
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occurring at the InP p—n junction where the tunnelling is much less [Ref. 6].
However, control over the doping and thickness of the n type InP layer is critical
in order to avoid excessive leakage current. Nevertheless, it i$ possible to obtain low
dark currents of less than 10 nA (unmultiplied) together with quantum efficiencies
of 80%, capacitance of approximately 0.5 pF and an operating voltage of around
100 V.

A second limitation associated with SAM APDs concerns the trapping of holes
in the valence band discontinuity at the InGaAs/InP heterointerface, as illustrated
in Figure 8.17(a) [Ref. 25]. This factor results in a slow component of the photo-
response which causes a speed limitation. However, the problem can be alleviated
by incorporating a thin grading layer of InGaAsP (whose bandgap is intermediate
between InGaAs and InP) between these two layers (Figure 8.17(b)) to smooth out
the discontinuity and thus provide improved speed performance [Ref. 26].
Nevertheless, the gain—bandwidth products for such devices are still only between
10 and 20 GHz, not quite sufficient for high bit rate systems in the gigabit s ™! region
[Ref. 6]. For example, with a gain around ten such devices will only provide
operation to between 1 and 2 GHz.

An improved technique for increasing the speed of response of the device is to
provide several (two or three) InGaAsP buffer layers to create compositional
grading at the heterojunction interface [Refs. 12, 24]. This may be achieved by
interposing a thin multiquantum-well (MQW) structure between the narrow and
wideband gap layer. The configuration of a recent back illuminated mesa-structure
separate absorption, grading and multiplication (SAGM) InGaAs APD is shown in
Figure 8.18. This device type has displayed a gain—bandwidth product of up to
70 GHz [Ref. 27] thus allowing operation at bandwidths of 5 GHz or higher.

Overall, advanced photodiode developments are targeted at devices with
improved sensitivities for operation at very high btandwidths, together with the
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Figure 8.17 Energy band diagrams for SAM APDs: (a) InGaAs/InP hetero-
junction illustrating the notch in which holes may be trapped; (b) similar
heterojunction to (a) with InGaAsP layer to reduce the effect of the notch.
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fabrication of structures with improved functionality at low cost [Ref. 12]. More
recently, efforts to improve sensitivity have focused upon semiccenductor super-
lattices in the form of MQW structures [Ref. 29] and staircase APDs [Ref. 30].
Both of these APD structures have gain regions comprising multiquantum wells
formed by alternately growing thin layers of wide and narrow bandgap materials
such as AlGaAs and GaAs respectively. By using materials exhibiting these
properties the conduction and ‘valence band discontinuities differ significantly,
resulting in different ionization coefficients for electrons and holes. This factor
should therefore give improvements in the noise performance of such III-V alloy
APDs by reducing the ratio of the jonization coefficients for electrons and holes (k
value, see Section 9.3.4) because the ionization coefficients of the two carrier types
are normally approximately equal. In addition the other major advantage in using
MQW APDs results from their improved bandwidth capabilities caused by the
reduction in avalanche build-up time provided by the multilayer structures.

The step-like MQW energy band structure where the discontinuity in the
conduction band is greater than that in the valence band is shown in Figure 8.19.
The structure, which is illustrated both unbiased and biased, could comprise about
100 layers of alternate wide and narrow bandgap semiconductors. Although such
devices have been fabricated using the AlGaAs/GaAs material system by molecular
beam epitaxy (MBE), the structure does not provide the same favourable k value
reduction when using InP-based alloys for longer wavelength operation. In this case
problems with tunnelling in the high field regions containing the narrow bandgap
layers tend to destroy the sensitivity improvement provided by the multiquantum
wells [Ref. 12].
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Figure 8.19 Energy band diagrams for MQW superlattice APD structure:
(a) unbiased showing alternate layers of wide and narrow bandgap
semiconductors; (b) the biased device [Ref. 29].

The energy band structure of a more complex scheme known as a staircase APD
is shown in Figure 8.20. In this technique a narrow bandgap region is composition-
ally graded over a distance of 10 to 20 nm into a material with a minimum of twice
the bandgap at the narrow end of the step. Again, the composition is abruptly
changed to obtain the narrow bandgap as a second step is formed. The primary
advantage of this staircase structure is that carrier multiplication caused by carrier
transitions from the wide to the narrow bandgap material can occur at much lower
electric field densities than that required with MQW devices.

In principle this APD could operate with a very low bias voltage, thereby
removig the possibility of tunnelling in the narrow bandgap material. However,
the structure and grading presents substantial fabricational problems and therefore
has not, as yet, been realized. Moreover, it is suggested that the only suitable
candidate material wiih the ability to grade continuously in alloy composition is
GaAlAsSb [Ref. 311.
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(b)

Figure 8,20 Energy band diagrams for the staircase APD: (a) the unbiased
device: (b) the biased device under normal operation {Ref. 30].

8.9.5 Benefits and drawbacks with the avalanche photodiode

APDs have a distinct advantage over photodiodes without internal gain for the
detection of the very low light levels often encountered in optical fiber communi-
cations. They generally provide an increase in sensitivity of between 5 and 15 dB
over p—i—n photodiodes whilst often giving a wider dynamic range as a result of
their gain variation with response time and reverse bias. :

The optimum sensitivity improvement of APD receivers over p—i—n photodiode
devices is illustrated in the characteristics shown in Figure 8.21. The characteristics
display the minimum detectable optical power for direct detection (see Section 7. 5)
versus the transmitted bit rate in order to maintain a bit error rate (BER) of 10°°
(see Section 11.6.3) in the shorter and longer wavelength regions. Figure 8. 21(a)
compares silicon photodiodes operating at a wavelength of 0.82 um where the APD
is able to approach within 10 to 13 dB of the quantum limit. In addition, it may
be observed that the p—i—n photodiode receiver has a sensitivity around 15 dB
below this level. InGaAs photodiodes operating at a wavelength of 1.55 um are
compared in Figure 8.21(b). In this case the APD requires around 20 dB more
power than the quantum limit, whereas the p—i—n photodiode receiver is some 10
to 12 dB less sensitive than the APD.

APDs, however, also have several drawbacks which include:

(a) fabrication difficulties due to their more complex structure and hence increased
cost;
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devices at BER of 10°%: (a) using silicon detectors operating at a wavelength of
0.82 um; (b) using InGaAs detectors operating at a wavelength of 1.55 um.
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Figure 8.22 Current gain against reverse bias for a silicon RAPD operating at a
wavelength of 0.825 um. After Ref. 16. Reprinted with permission from The Bell
System Technical Journal. © 1978, AT&T.

(b) the random nature of the gain mechanism which gives an additional noise
contribution (see Section 9.3.3);

(c) the often high bias voltages required (50 to 400 V) which are wavelength
dependent;

(d) the variation of the gain (multiplication factor) with temperature as shown in
Figure 8.22 for a silicon RAPD [Ref. 16]; thus temperature compensation is
necessary to stabilize the operation of the device.

8.9.6 Multiplication factor

The multiplication factor M is a measure of the internal gain provided by the APD.
It is defined as:

M=
1

1 (8.30)
p

where [ is the total output current at the operating voltage (i.e. where carrier
multiplication occurs) and /,, is the initial or primary photocurrent (i.c. before
carrier multiplication occurs).
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Example 8.6
The quantum efficiency of a particular silicon RAPD is 80% for the detection of
radiation at a wavelength of 0.9 um. When the incident optical power is 0.5 uW,
the output current from the device (after avaldnche gain) is 11 uA. Determine the
multiplication factor of the photodiode under these conditions.

Solution: From Eq. (8.11), the responsivity

_nex _0.8x1.602x107"x0.9x10°¢
T he T 6.626 x 1074 % 2.998 x 10°

=0.581 AW™!

Also from Eq. (8.4), the photocurrent

I, = P.R
=0.5x107%x0.581
=0.291 uA

Finally, using Eq. (8.30):
. -6

M=TIP= 5291 % 10

=37.8

The multiplication factor of the photodiode is approximately 38.

8.10 Mid-infrared photodiodes

Developments of photodiodes for mid-infrared transmission systems are at a
relatively early stage; however, several potential devices have been demonstrated
over recent years. Obtaining suitable lattice matching for III-V alloy materials is
a problem when operating at wavelengths greater than 2.0 um. A lattice matched
InGaAsSb/GaSb material system has been utilized in a p—i—n photodiode for high
speed operation at wavelengths up to 2.3 um [Ref. 32].

An alternative approach which has achieved some success is the use of indium
alloys that, due to the high indium content for operation above 2um, are
mismatched with respect to the- InP substrate causing inherent problems of
dislocation-induced junction leakage and low quantum efficiency [Ref. 33].
However, these problems have been reduced by utilizing a compositionally graded
buffer layer to accommodate the lattice mismatch. One technique has involved the
replacement of the conventional p—i—n homojunction with an InGaAs/AllnAs
heterojunction in which a wider bandgap p-type AllnAs layer acted as a transparent
window at long wavelengths to ensure that optical absorption occurred in a lightly
doped n type region of the device. This device, which exhibited a useful response
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out to a wavelength of 2.4 um, displayed a quantum efficiency as high as 95% over
the wavelength range 1.3 to-2.25 pm with dark currents as low as 35 nA [Ref. 33].
A similar approach has been demonstrated with the ternary alloys In,Ga- Asf
InAs, P, -, to produce mesa structure photodiodes which operate at a wavelength
of 2.55um [Ref. 34]. A compositionally graded region of InGaAs or InAsP
accommodates the lattice mismatch between the ternary layers and the InP
substrate. These devices which have IngssGao.1sAs absorbing layers and lattice
matched InAso.esPo.32 capping layers have displayed a quantum efficiency of 52%
at a wavelength of 2.55 um but with dark currents of between 10 and 20 wA. It is
suggested [Ref. 34] that these high dark currents are a result of electrically active
defects associated with misfit dislocations in the active regions of the diode which
can be reduced by improved materials growth.

In common with injection lasers, the HgCdTe material system has been utilized
‘to fabricate long wavelength photodiodes (see.Section 6.11) Hg;-xCd,Te ternary
alloys form a continuous family of semiconductors whose bandgap energy variation
with x enables optical detection from 0.8 yum to the far-infrared. Furthermore, with
this material system the hole ionization coefficient exhibits a resonant characteristic
which is a function of the alloy composition [Ref. 31}. This phenomenon is a band
structure effect which is also displayed by the Ga;_ALSb alloys [Ref. 34].
Resonant impact ionization processes in such materials yield a high ionization
coefficient ratio* providing enhanced sensitivity at particular operating wave-
lengths. However, for the HgCdTe material system this occurs for a composition
in the vicinity of x = 0.7, which is suitable for detection at a wavelength of 1.3 um.
Hence both HgCdTe p—i—n photodiodes and APDs that exhibit low sensitivity and
high speed response (500 MHz) have been produced for operation at this
wavelength [Ref. 36]. In addition, Hgo.4Cdo.sTe APDs have been fabricated for
detection at a wavelength of 1.55 um [Ref. 37]. With this material system, the
potential remains, however, to provide even longer wavelength operation into the
mid-infrared region, although this would be greatly assisted by improvements in the
material quality to facilitate higher performance devices [Ref. 31].

8.11 Phototransistors

The problems encountered with APDs for use in the longer wavelength region
stimulated a renewed interest in bipolar phototransistors in the late 1970s. Hence,
although these devices have been investigated for a number of years, they have yet
to find use in major optical fiber communication systems. In common with the APD
the phototransistor provides internal gain of the photocurrent. This is -achieved
through transistor action rather than avalanche multiplication. A symbolic
representation of the n—p-n bipolar phototransistor is shown in Figure 8.23(a). It
differs from the conventional bipolar transistor in that the base is unconnected, the

* In this case the ratio of hole ionization coefficient to electron ionization coefficient.
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Figure 8.23 (a) Symbolic representation of the n-p-n phototransistor showing
the external connections. (b) Cross section of an n-p-n InGaAsP/InP
heterojunction phototransistor [Ref. 38].

base—collector junction being photosensitive to act as a light-gathering element.
Thus absorbed light affects the base current giving multiplication of primary
photocurrent through the device.

The structure of a n—p—n InGaAsP/InP heterojunction phototransistor is shown
in Figure 8.23(b) [Ref. 38]. The three layer heterostructure (see Section 6.3.5) is
grown on an InP substrate using liquid-phase epitaxy (LPE). It consists of an n type
InP collector layer followed by a thin (0.1 um)p type InGaAsP base layer. The third
layer is a wide bandgap n type InP emitter layer. Radiation incident on the device
passes unattenuated through the wide bandgap emitter and is absorbed in the base,
base—collector depletion region and the collector. A large secondary photocurrent
between the emitter and collector is obtained as the photogenerated holes are swept
into the base, increasing the forward bias on the device. The use of the
heterostructure permits low emitter—base and collector—base junction capacitances
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together with low base resistance. This is achieved through low emitter and collector
doping levels coupled with heavy doping of the base, and allows large current gain.
In addition the potential barrier created by the heterojunction at the emitter—base
junction effectively eliminates hole injection from the base when the junction is
forward biased. This gives good emitter base injection efficiency. The optical gain
G, of the device is given approximately by [Ref. 38]:

mnhee = L ,

Go = nhye = e P, (8.31)
where 7 is the quantum efficiency of the base—collector photodiode, hrg is the
common emitter current gain, I is the collector current, Po is the incident optical
power, e is the electronic charge and Af is the photon energy:

The phototransistor shown in Figure 8.23(b) is capable of operating over the 0.9
to 1.3 um wavelength band giving optical gains in excess of one hundred, as
demonstrated in Example 8.7. Moreover, the InGaAs/InP heterojunction
phototransistor has also been the subject of significant development work but it is
not anticipated that these devices will replace photodiodes within high sensitivity,
high transmission rate applications (Ref. 31].

Example 8.7
The phototransistor of Figure 8.23(b) has a collector current of 15 mA when the
incident optical power at a wavelength of 1.26 um is 125 uW. Estimate:

(a) the optical gain of the device under the above operating conditions;
(b) the common emitter current gain if the quantum efficiency of the base—collector
photodiode at a wavelength of 1.26 um is 40%.

Solution: (a) Using Eq. (8.31), the optical gain is given by:

hWf I. hc I
Go=—"—='—""“
e P, M P,

_ 6.626 x 10" % 2.998 x 108 x 15x 107>
1.26x10-°x1.602x 107 °x 125 x 10°¢

=118.1

(b) The common emitter current gain is:

In this example a common emitter current gain of 295 gives an optical gain of
118. It is therefore possible that this type of device will become an alternative to
the APD for optical detection at wavelengths above 1.1 yum [Refs. 39—41].
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8.12 Photoconductive detectors

The photoconductive detector or photoconductor, which provides what is
conceptually the simplest form of semiconductor optical detection, has not until
recently been considered as a serious contender for photodetection within uptical
fiber communications. Lately, however, there has been renewed interest in such
devices, particularly for use in the longer wavelength region because of the
suitability of III-V semiconductors for photoconductive detection applications
[Ref. 12]. The basic detection process in a semiconductor discussed in Section 8.3
indicated that an electron may be raised from the valence band to the conduction
band by the absorption of a photon provided that the photon energy was greater
than the bandgap energy (i.e. Af > E;). In this case, as long as the electron remains
in the conduction band it will cause an increase in the conductivity of the
. semiconductor, a phenomenon referred to as photoconductivity. This forms the
basic mechanism for the operation cof photoconductive detectors.

A typical photoconductor device structure designed for operation in the longer
wavelength region is shown in Figure 8.24 [Ref. 12]. The conducting channel
comprises a thin layer (1 to 2 um) of n type InGaAs which can absorb a significant
amount of the incident light over the wavelength range 1.1 to 1.6 gm. In particular,
good sensitivities at reasonably high bandwidths have been obtained with lightly
doped (less than 5 x 10" cm™2) n type Ing s3Gao 47As channel layers. Moreover, the
composition of the InGaAs is arranged to be lattice-matched to the semi-insulating
InP substrate to avoid the formation of dislocations and other crystalline
imperfections in the epitaxial layer. Low resistance contacts are made to the
conducting layer through the use of interdigital anodes and cathodes, as illustrated
in Figure 8.24. In addition, these contacts are designed to maximize the coupling
of light into the absorbing region by minimizing their obstruction of the active area
whilst reducing the distance that photogenerated carriers have to travel prior to
being collected at one of the electrodes. The optical coupling efficiency can also be
improved by the application of an antirefleciion coating to the surface of the
photoconductor facing the optical input.

In operation the incident light on the channel region is absorbed, thereby
generating additional electron—hole pairs. These photogenerated carriers increase
the channel conductivity which results in an increased current in the external circuit.
Thne optical receiver must therefore be sensitive to very small changes in resistance
induced by the incident light. Furthermore, once the carriers have been generated
the electrons will be swept by the applied electric field towards the anode whilst the
holes move towards the cathode. In general, however, the mobility of the holes is
considerably smaller than that of the electrons in III-V alloys such as GaAs and
InGaAs. Thus the electrons, being the fastest charge carriers, provide the minimum
time for detection and hence the limitation on the speed of response of the
photoconductive detector.

In addition, whilst the fast electrons are collected at the anode, tne corresponding
Loles are still proceeding across the channel. This creates an absence of electrons
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Figure 8.24 Photoconductive detector structure for operation in the 1.1 to
1.6 um wavelength range.

and hence a net positive charge in the channel region. However, the excess charge
is immediately compensated by the injection of further electrons from the cathode
into the channel. Thus further electrons may be generated from the absorption of
a single photon. This factor creates what is known as the photoconductive gain G
which may be defined as the ratio of the slow carrier transit time (or lifetime) # to
the fast carrier transit time f;. Hence:

c="t (8.32)
t
Moreover, the photocurrent J;, produced by the photoconductor following Eq. (8.8)
can be written as [Ref. 42}:

I= Z’%E G (8.33)

where 7 is the device quantum efficiency which in a similar manner to the
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absorption process (see Eq. (8.1)) follows an exponential distribution, P, is the
incident optical power and e is the charge on an electron.

Since the current response in the photoconductor remains for a time ¢, after the
end of an incident optical pulse and exhibits an exponential decay with a time
constant equal to this slow carrier transit time (or lifetime), then the maximum 3 dB
bandwidth By for the device is given by:

1
=— .34
Bn I, (8.34)
Equations (8.32) and (8.34) can be combined to provide an expression for the
gain—bandwidth product of a photoconductor as:

1
G Bn=— 8.35
™ St (8.35)
It may be noted that an implication of Eq. (8.35) is that when ¢ is fixed,
photoconductive gain can only be obtained at the expense of the maximum
bandwidth permitted by the device. There is therefore a trade-off between gain (and

hence sensitivity) and speed of response.

Example 8.8
The electron transit time in an InGaAs photoconductive detector is S ps. Determine
the maximum 3 dB bandwidth permitted by the device when its photoconductive
gain is 70.

Solution: Using Eq. (8.35) the maximum 3 dB bandwidth provided by the
photoconductor may be written as:

B, = 1 _ 1
T 2xtG 2x X 5x 10" x 70
=454.7 MHz

The result obtained in Example 8.8 typifies the bandwidth (i.e. less than
500 MHz) currently achievable with InGaAs photoconductors with gains in the
range 50 to 100. By contrast, silicon photoconductors can provide very large gains
of around 1000 but this is accompanied by a reduction in the 3 dB bandwidth
obtained from these devices (response times typically in the range 1 us to 1 ms).

The sensitivity of a photoconductive detector is limited by the noise generated
within the device, even though the quantum efficiency may be quite high. For
example, in an 11GaAs photoconductor with a 2 um channel the quantum efficiency
is around ¥8%. However, there are numerous sources contributing to the noise
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component within photoconductors [Ref. 43]. In particular, noise arises from two
sources: Johnson noise associated with the thermal noise from the bulk resistance
of the photoconductor slab, and generation—recombination noise caused by
fluctuations in the generation and recombination rates of the photogenerated
carrier pairs. The former noise source, which is often dominant, results in a finite
dark conductivity for the device which generates a randomly varying background
dark current. It can be shown [Ref. 12] that the signal to noise ratio of a
photoconductor receiver increases with increasing channel resistance and gain.
Therefore, a method for increasing the sensitivity of the photoconductor is to
increase its photoconductive gain. Unfortunately, as indicated previously, this
reduces the device response time. '

Alternatively the photoconductor can be designed such that the dark current
is reduced to a level such that the generation—recombination noise, which is
fundamental, tends to dominate. Some success has been achieved in this direction
using p type substrates [Ref. 44]. In this case, however, the speed of response for
the device was limited by the electrode spacing required to improve the sensitivity.
Improved performance has been obtained with a recent photoconductive-like
detector which effectively combines a photoconductor and a p—i-n photodiode
[Ref. 45). This hybrid device type also illustrates another useful factor concerning
photoconductive detectors in that they are very suitable for monolithic integration
to provide optoelectronic integrated circuits (see Section 10.7).

Problems

8.1 Outline the reasons for the adoption of the materials and devices used for
photodetection in optical fiber communications. Discuss in detail the p—i—n photodiode
with regard to performance and compatibility requirements in photodetectors.

8.2 A p-i—n photodiode on average generates one electron—hole pair per three: incident
photons at a wavelength of 0.8 um. Assuming all the electrons are collected calculate:

(a) the quantum efficiency of the device;
(b) its maximum possible bandgap energy;
(c) the mean output photocurrent when the received optical power is 1077 W.

8.3 Explain detection process in the p—n photodiode. Compare this device with the p—i—n
photodiode.
8.4 Define the quantum efficiency and the responsivity of a photodetector.
Derive an expression for the responsivity of an intrinsic photodetector in terms of the
quantum efficiency of the device and the wavelength of the incident radiation.
Determine the wavelength at which the quantum efficiency and the responsivity are
equal.
8.5 A p-n photodiode has a quantum efficiency of S0% at a wavelength of 0.9 pm.
Calculate:
(a) its responsivity at 0.9 pm; .
(b) the received optical power if the mean photocurrent is 107%A;
(¢) the corresponding nufnber of received photons at this wavelength.
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8.6

8.7

8.8

8.9

8.10

8.11

8.12

8,13

8.14

8.15

8.16
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When 800 photons per second are incident on a p—i—n photodiode operating at a
wavelength of 1.3 um they generate on average 550 electrons per second which are
collected. Calculate the responsivity of the device.

Explain what is meant by the long wavelength cutoff point for an intrinsic
photodetector, deriving any relevant expressions.

Considering the bandgap energies given in Table 8.1, calculate the long wavelength
cutoff points for both direct and indirect optical transitions in silicon and germanium.
A p-i—n photodiode ceases to operate when photons with energy greater than 0.886 eV
are incident upon it; of which material is it fabricated?

(a) The time taken for electrons to diffuse through a layer of p type silicon is 28.8 ns.
If the minority carrier diffusion coefficient is 3.4 x 107> m?s~!, determine the
thickness of the silicon layer.

(b) Assuming the depletion layer width in a silicon photodiode corresponds to the layer
thickness obtained in part (a) and that the maximum response time of the
photodiode is 877 ps, estimate the carrier (hole) drift velocity.

A silicon p—i—n photodiode with an area of 1.5 mm? is to be used in conjunction with
a load resistor of 100 Q. If the requirement for the device is a fast response time,
estimate the thickness of the intrinsic region that should be provided. It may be
assumed that the permittivity for silicon is 1.04 x 107" Fm™' and that the electron
saturation velocity is 10" ms~L,

Define the noise equivalent power (NEP) for a photodetector. Commencing with
Eq. (8.8) obtain an expression for the NEP of a photodiode in which the dark current
noise dominates.

A silicon p- l—n photodlode with active dimensions 10 um has a specific detectivity
of 7x10"°mHz W™ when operating at a wavelength of 0.85 um. The device
quantum efficiency at this wavelength is 64%. Assuming that it is the dominant noise
source, calculate the dark current over a 1 Hz bandwidth in the device.

The specific detectlvnty of a wide area silicon photodiode at its operating wavelength
is 10" mHz W', Estimate the smallest detectable signal power at this wavelength
when the sensitive area of the device is 25 mm? and the signal bandwidth is 1 kHz.
Discuss the operation of the silicon RAPD, describing how it differs from the p—i—-n
photodiode.

Outline the advantages and drawbacks with the use of the RAPD as a detector for
optical fiber communications.

Compare and contrast the structure and performance characteristics of germanium and
IT1I-V semiconductor alloy APDs for operation in the wavelength range 1.1 to 1.6 um.
An APD with a multiplication factor of 20 operates at a wavelength of 1.5 um.
Calculate the quantum efficiency and the output photocurrent from the device if its
responsivity at this wavelength is 0.6 A W~" and 10'° photons of wavelength 1.5 um are
incident upon it per second.

Given that the following measurements were taken for an APD, calculate the
multiplication factor for the device.

Received optical power at 1.35 um =0.2 4W
Corresponding output photocurrent = 4.9 yA
(after avalanche gain)

Quantum efficiency at 1.35 um = 40%



8.17

8.18

8.19

8.20

8.21

8.22

Optical detectors 463

An APD has a quantum efficiency of 45% at 0.85 um. When illuminated with radiation
of this wavelength it produces an output photocurrent of 10 pA after avalanche gain
with a multiplication factor of 250. Calculate the received optical power to the device.
How many photons per second does this correspond to?

When 10'! photons per second each with an energy of 1.28 x 10™'? J are incident on
an ideal photodiode, calculate:

(a) the wavelength of the incident radiation;
(b) the output photocurrent;
(c) the output photocurrent if the device is an APD with a multiplication factor of 18.

A silicon RAPD has a multiplication factor of 10® when operating at a wavelength of
0.82 um. At this operating point the quantum efficiency of the device is 90% and the
dark current is 1 nA.

Determine the number of photons per second of wavelength 0.82 ym required in
order to register a light input to the device corresponding to an output current (after
avalanche gain) which is greater than the level of the dark current (i.e. 7> 1 nA).
Indicate the material systems under investigation and discuss their application in the
fabrication of photodiodes for use in the mid-infrared wavelength region.

An InGaAsP heterojunction phototransistor has a common emitter current gain of 170
when operating at a wavelength of 1.3 um with an incident optical power of 80 pW. The
base collector quantum efficiency at this wavelength is 65%. Estimate the collector
current in the device.

Describe the basic detection process in a photoconductive detector.

The maximum 3 dB bandwidth allowed by an InGaAs photoconductive detector is
380 MHz when the electron transit time through the device is 7.6 ps. Calculate the
photocurrent obtained from the device when 10 W of optical power at a wavelength
of 1.32 um is incident upon it, and the device quantum efficiency is 75%.

Answers to numerical problems

8.2 (a) 33%; (b) 24.8x 1072 J; 8.11 1.23x 1074 A
(c) 21.3 nW 8.12 1.58 pW
84 1.24um 8.15 50%, 15.9 nA
8.5 (a) 0.36 AWl (b) 2.78 uW; 8.16 24.1
(c) 1.26 x 10*® photon s 8.17 77.8 nW, 3.33 x 10! photon s™*
8.6 0.72AW™! 8.18 (a) 1.55 um; (b) 1.6 uA;
8.7 0.3 um, 1.09 ym, 1.53 gum, 1.85 um (c) 28.8 A
8.8 Inp.7Gao.3As0.64P0.36 8.19 6.94 x 10° photon s™!
8.9 (a) 14 um; (b) 10° ms™! 8.21 9.3 mA
8.10 395 um 8.22 0.44 mA
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9.1 Introduction

The receiver in an intensity modulated/direct detection (IM/DD) optical fiber
communication system (see Section 7.5) essentially consists of the photodetector
plus an amplifier with possibly additional signal processing circuits. Therefore the
receiver initially converts the optical signal incident on the detector into an electrical
signal, which is then amplified before further processing to extract the information
originally carried by the optical signal.

The importance of the detector in the overall system performance was stressed
in Chapter 8. However, it is necessary to consider the properties of this device in
the context of the associated circuitry combined in the receiver. It is essential that
the detector performs efficiently with the following amplifying and signal processing
circuits. Inherent to this ‘process is the separation of the information originally
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contained in the optical signal from the noise generated within the rest of the system
and in the receiver itself, as well as any limitations on the detector response imposed
by the associated circuits. These factors play a crucial role in determining the
performance of the system.

In order to consider receiver design it is useful to regard the limit on the
performance of the system set by the signal to noise ratio (SNR) at the receiver. It
is therefore necessary to outline noise sources within optical fiber systems. The
noise in these systems has different origins from that of copper-based systems. Both
types of system have thermal noise generated in the receiver. However, although
optical fiber systems exhibit little crosstalk the noise generated within the detector
must be considered, as well as the noise properties associated with the electro-
magnetic carrier.

In Section 9.2 we therefore briefly review the major noise mechanisms which are
present in direct detection optical fiber communication receivers prior to more
detailed discussion of the limitations imposed by photon (or quantum}) noise in both
digital and anaiog transmission. This is followed in Section 9.3 with a more specific
discussion of the noise associated with the two major receiver types (i.e. employing
p—i—n and avalanche photodiode detectors). Expressions for the SNRs of these two
receiver types are also developed in this section. Section 9.4 considers the noise and
bandwidth performance of common preamplifier structures utilized in the design of
optical fiber receivers. In Section 9.5 we present a brief account of low noise field
effect transistor (FET) preamplifiers which find wide use within optical fiber
communication receivers. This discussion also includes consideration of p—i—n
photodiode/FET (PIN-FET) hybrid receiver circuits which have been developed
for optical fiber communications. Finally, major high performance receiver design
strategies to provide low noise and high bandwidth operation as well as wide
dynamic range are described in Section 9.6.

9.2 Noise

Noise is a term generally used to refer to any spurious or undesired disturbances
that mask the received signal in a communication system. In optical fiber
communication systems we are generally concerned with noise due to spontaneous
fluctuations rather than erratic disturbances which may be a feature of copper-
based systems (due to electromagnetic interference, etc.).

There are three main types of noise due to spontaneous fluctuations in optical
fiber communication systems: thermal noise, dark current ‘-noise and quantum
noise.

9.2.1 Thermal noise

This is the spontaneous fluctuation due to thermal interaction between, say, the free
electrons and the vibrating ions in a conducting medium, and it is especially
prevalent in resistors at room temperature.
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The thermal noise current /, in a resistor R may be expressed by its mean square
value [Ref. 1] and is given by:

3 4KTB
l{f=—

R .1

where X is Boltzmann’s constant, 7 is the absolute temperature and B is the post-
detection (electrical) bandwidth of the system (assuming the resistor is in the optical
receiver).

9.2.2 Dark current noise

When there is no optical power incident on the photodetector a small reverse
leakage current still flows from the device terminals. This dark current (see Section
8.4.2) contributes to the total system noise and gives random fluctuations about the
average particle flow of the photocurrent. It therefore manifests itself as shot noise
[Ref. 1] on the photocurrent. Thus the dark current noise i4 is given by:

ii=2eBly 62

where e is the charge on an electron and Iy is the dark current. It may be reduced
by careful design and fabrication of the ‘detector.

9.2.3 Quantum noise

The quantum nature of light was discussed in Section 6.2.1 and the equation for
the energy of this quantum or photon was stated as E = hf. The quantum behaviour
of electromagnetic radiation must be taken into account at optical frequencies since
hf > KT and quantum fluctuations dominate over thermal fluctuations.

The detection of light by a photodiode is a discrete process since the creation of
an electron—hole pair results from the absorption of a photon, and the signal
emerging from the detector is dictated by the statistics of photon arrivals. Hence
the statistics for monochromatic coherent radiation arriving at a detector follows
a discrete probability distribution which is independent of the number of photons
previously detected.

It is found that the probability P(z) of detecting z photons in time period 7 when
it is expected on average to detect zm photons obeys the Poisson distribution
[Ref. 2]:

P(z) = Ln &P (= Zm) 9.3)

z!

where zm is equal to the variance of the probability distribution. This equality of
the mean and the variance is typical of the Poisson distribution. From Eq. (8.7) the
electron rate r. generated by incident photons is re=nP,/hf. The number of
electrons generated in time 7 is equal to the average number of photons detected
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Figure 9.1 Poisson distributions for z, =10 and z,, = 1000.

over this time period zn,. Therefore:

nPor
Zm = hf 9.9
The Poisson distributions for zm = 10 and zy = 1000 are illustrated in Figure 9.1
and represent the detection process for monochromatic coherent light.
Incoherent light is emitted by independent atoms and therefore there is no phase
relationship between the emitted photons. This property dictates exponential
intensity distribution for incoherent light which if averaged over the Poisson
distribution {Ref. 2] gives

P@)= ___me—

(1 + Zm)b’ !

Equation (9.5) is identical to the Bose—Einstein distribution [Ref. 3] which is used

to describe the random statistics of light emitted in black body radiation (thermal

light). The statistical fluctuations for incoherent light are illustrated by the
probability distributions shown in Figure 9.2.

9.5)

P(z) 4 P(z) 4
107"
Zm=10
Sx10°%f
| 1 i 1 ' —
0 5 10 15 20 z 0 500 1000 1500 2000 =z

Figure 9.2 Probability distributions indicating the statistical fluctuations of incoherent
light for zm = 10 and zm = 1000.



Direct detection receiver performance considerations 471

9.2.4 Digital signalling quantum noise

For digital optical fiber systems it is possible to calculate a fundamental lower limit
to the energy that a pulse of light must contain in order to be detected with a given
probability of error. The premise on which this analysis is based is that the ideal
receiver has a sufficiently low amplifier noise to detect the displacement current of
a single electron—hole pair generated within the detector (i.e. an individual photon
may be detected). Thus in the absence of light, and neglecting dark current, no
current will flow. Therefore the only way an error can occur is if a light pulse is
present and no electron—hole pairs are generated. The probability of no pairs being
generated when a light pulse is present may be obtained from Eq. (9.3) and is given
by:

P(0f1) = exp (—2Zm) 9.6)

Thus in the receiver described P(0f1) represents the system error probability P(e)
and therefore:

P(e) = exp (—2m) 9.7

However, it must be noted that the above analysis assumes that the photodetector
emits no electron—hole pairs in the absence of illumination. In this sense it is
considered perfect. Equation (9.7) therefore represents an absolute receiver
sensitivity and allows the determination of a fundamental limit in digital optical
communications. This is the minimum pulse energy Emin required to maintain a
given bit error rate (BER) which any practical receiver must satisfy and is known
as the quantum limit.

Example 9.1
A digital optical fiber communication system operating at a wavelength of 1 um
requires a maximum bit error rate of 10~°. Determine:

(a) the theoretical quantum limit at the receiver in terms of the quantum efficiency
of the detector and the energy of an incident photon;

(b) the minimum incident optical power required at the detector in order to achieve
the above bit error rate when the system is employing ideal binary signalling at
10 Mbitss !, and assuming the detector is ideal.

Solution: (a) From Eq. (9.7) the probability of error.
P(e)=exp (—zm)=107"

and thus zm = 20.7.
zm corresponds to an average number of photons detected in a time period 7 for
a BER of 107°
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From Eq. (9.4):
Pyt
Im= h;
Hernce the minimum pulse energy or quantum limit
20.7 hf
n
Thus the quantum limit at the receiver to maintain a maximum BER of 10~ is

20.7 hf
n
(b) From part (a) the minimum pulse erergy:
20.7 hf

Por=—"—2
n
[herefore the average received optical power required to provide the minimum
pulse energy is:
_20.7 Af
™m

However, for ideal binary signalling there are an equal number of ones and zeros
(50% in the on state and 50% in the off state). Thus the average received optical
power may be considered to arrive over two bit periods, and

20.7 hf _20.7 hf Br

=20.7

Enin= Por=

P,

P, (binary) = 2 3
where By is the bit rate. At a wavelength of ' um, f=2.998 x 10" Hz, and
assuming an ideal detector, n = 1.
Hence

20.7 X 6.626 x 1073 x 2.998 x 10" x 107
2

P, (binary) =
=20.6 pW

In decibels (dB)
Po in dB = 10 logio 22

r

where P; is a reference power level.
When the reference power level is one watt:
P, =10 logyo P, where P, is expressed in watts
=10 logyo 2.06 x 10~
=3.14-110
= —106.9 dBW
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When the reference power level is one milliwatt

Po=10log0 2.06 x 107®
3.14 - 80
= —76.9 dBm

Therefore the minimum incident optical power required at the receiver to achieve
an error rate of 10~° with ideal binary signalling is 20.6 pW or —76.9 dBm.

The result of Example 9.1 is a theoretical limit and in practice receivers are
generally found to be at least 10 dB less sensitive. Furthermore, although some
20.7 photons are required in order to detect a binary cne with a bit error rate of
1072, it is clear that these photons can arrive at the receiver over two bit periods if
an equal number of transmitted ones and zeros are assumed (i.e. there are no
photons transmitted in the zero bit periods). Hence the 20.7 photon per pulse
requirement can be considered as an average of around 10.4 photons per bit at the
quantum limit.

9.2.5 Analog transmission quantum noise

In analog optical fiber systems quantum noise manifests itself as shot noise *vhich
also has Poisson statistics [Ref. 1]. The shot noise current is on the photocurrent
I, is given by:

i1=2eBlI, (9.8)

Neglecting other sources of noise the SNR at the receiver may be written as

2
S_L 5.9
N 2
Substituting for i2 from Eq. (9.8) gives:
S_. 5K (9.10)
N 2eB

The expression for the photocurrent I, given in Eq. (8.8) allows the SNR to be’
obtained in terms of the incident optical power Po.

S _nPce _ 1P,

N hf2eB 2hfB O

Equation (9.11) allows calculation of the incident optical power required at- the
receiver in order to obtain a specified SNR when considering quantum noise in
analog optical fiber systems.
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Example 9.2
An analog optical fiber system operating at a wavelength of 1 um has a post
detection bandwidth of 5 MHz. Assuming an ideal detector and considering only
quantum noise on the signal, calculate the incident optical power necessary to
achieve an SNR of 50 dB at the receiver.
Solution: From Eq. (9.11), the SNR is
S 1P

N~ 2nfB

Hence
\
P, = (E) 2h/B
N/ n

For S/ N =50 dB, when considering signal and noise powers:
M
10 lOglo *ﬁ= 50

and therefore S/N = 10°
At 1 pm, f=2.998 x 10" Hz. For an ideal detector 5 = 1 and, thus the incident

optical power:
_10°x2x6.626 x 10~* x 2.998 x 10™ x 5 x 10°

P,= 1
=198.6 nW
In dBm
P, =10 logio 198.6 X 107°
= —40+2.98
= —37.0dBm

Theretore the incident optical power required to achieve an SNR of 50 dB at the
receiver is 198.6 nW which is equivalent to —37.0 dBm.

In practice receivers are less sensitive than the Example 9.2 suggesis and thus in
terms of the absolute optical power requirements analog transmission compares
unfavourably with digital signalling.

However. it should be noted that there is a substantial difference in information
trahsmission capacity between the digital and analog cases (over similar
bandwidths) considered in Examples 9.1 and 9.2. For example, a 10 Mbit s ™! digital
.optical fiber communication system would provide only about 150 speech channels
using standard baseband digital transmission techniques (see Section 11.5). In
contrast a S MHz analog system, again operating in the baseband, could provide
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as many as 1250 similar bandwidth (= 3.4 kHz) speech channels. A comparison of
sigr}al to quantum noise ratios between the two transmission methods, taking
account of this information capacity aspect, yields less disparity although Jigital
signalling still proves far superior. For instance, applying the figures quoted above
within Examples 9.1 and 9.2, in order to compare two systems capable of
transmitting the same number of speech channels (e.g. digital bandwidth of
10 Mbits ™' and analog bandwidth of 600 kHz) gives a difference in absolute
sensitivity in favour of digital transmission of approximately 31 dB. This indicates
a reduction of around 9 4B on the 40 dB difference obtained by simply comparing
the results over similar bandwidths. Nevertheless, it is clear that digital signalling
techniques still provide a significant benefit in relaticn to gquantum noise when
employed within optical fiber communications.

9.3 Receiver noise

In order to investigate the optical receiver in greater detail it is necessary to consider
the relative importance and interplay of the various types of noise mentioned in the
preceding section. This is dependent on both the method of demodulation and the
type of device used for detection.

The conditions for coherent detection are not met in IM/DD optical fiber systems
for the reasons outlined in Section 7.5. Thus heterodyne and homodyne detection,
which are very sensitive techniques and provide excellent rejection of adjacent
channels, are not used, as the optical signal arriving at the receiver tends to be
incoherent. In practice the vast majority of instailed optical fiber communication
systems use incoherent or direct detection in which the variation of the opticai
power level is monitored and no information is carried in the phase or frequency
content of the signal. Therefore, the noise considerations in this section are based
on a receiver employing direct detection of the modulated optical carrier which
gives the same signal to noise ratio as an unmodulated optical carrier. The
substantial developments in coherent optical fiber transmission, however, which
have taken place over recent vears are described in Chapter 12. Nevertheless, the
major performance parameters associated with direct detection receivers which are
discussed in this section and the following ones also apply to coherent optical
1ECEIVers.

Figure 9.3 shows a block schematic of the front end of an optical receiver and
the various noise sources associated with it. The majority of the noisc sources
shown apply to both main types of optical detector (p—i—n and avalanche
photodiode). The noise gencrated from background radiation. which is important
in atmospheric propagation and some copper-based systems, is negligible in both
types of optical fiber receiver, and thus is often ignored. Also the beat noise
generated from the various spectral components of the incoherent optical carrier
can be shown to be insignificant [Ref. 4] with multimode propagation and hence
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Photodetector Amblifi
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*dark current to random (input resistance)
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‘begt (from (active elements)
incoherent *surface leakage
carrier) currents

Figure 9.3 Block schematic of the front end of an optical receiver showing the various
sources of noise.

will not be considered. It is necessary, however, to take into account the other
sources of noise shown in Figure 9.3.

The avalanche photodiode receiver is the most complex case as it includes noise
resulting from the random nature of the internal gain mechanism (dotted in Figure
9.3). It is therefore useful to consider noise in optical fiber receivers employing
photodiodes without internal gain, before avalanche photodiode receivers are
discussed.

9.3.1 p-n and p—i—n photodiode receiver

The two main sources of noise in photodiodes without internal gain are dark

current noise and quantum noise, both of which may be regarded as shot noise on

the photocurrent (i.e. effectively, analog quantum noise). When the expressions for
these noise sources given in Eqs. (9.2) and (9.4) are combined the total shot noise
1'77; is given by:

135 =2eB(I, + Is) 9.12)

If it is necessary to take the noise due to the background radiation into account
then the expression given in Eq. (9.12) may be expanded to include the background
radiation induced photocurrent I, giving

i¥s=2eB(Ip + Is+ Iv) 9.13)

However, as Iy is usually negligible the expression given in Eq. (9.12) will be used
in the further analysis.

When the photodiode is without internal avalanche gain, thermal noise from the
detector load resistor and from active elements in the amplifier tends to dominate.
This i$ cspeciaily the case for wideband systems operating in the 0.8 to 0.9 um
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wavelength band because the dark currents in well-designed silicon photodiodes can
be made very small. The thermal noise z-.i due to the load resistance Ry may be
obtainéd from Eq. (9.1) and is given by:

4KTB
Ry

The dominating effect of this thermal noise over the shot noise in photodiodes
without internal gain may be observed in Example 9.3.

it=

(9.14)

Example 9.3

A silicon p—i—n photodiode incorporated into an optical recéiver has a quantum
efficiency of 60% when operating at a wavelength of 0.9 um. The dark current in
the device at this operating point is 3 nA and the load resistance is 4 k2.

The incident optical power at this wavelength is 200 nW and the post detection -
bandwidth of the receiver is S MHz. Compare the shot noice generated in the
photodiode with the thermal noise in the load resistor at a temperature of 20 °C.

Solution: From Eq. (8.8) the photocurrent is given by:

I _7nPoe _nPoeh
T Rf ke
Therefore
;- 0:6x200x 107° x 1.602 x 107" x 0.9 x 10°°
L=

6.626 X 107%* x 2.998 x 10%
=87.1 nA

From Eq. (9.12) the total shot noise is:

its=2eB(la + I)
=2x1.602x 107" x 5% 10%[(3 + 87.1) x 107%)]
=1.44x 10719 A?

and the root mean square (rms) shot noise current is
(i35)i=3.79x 107 A

The thermal noise in the load resistor is given by Eq. (9.14):

i—2_4KTB

t RL
_4x1.381 x 1072’ x 293 x 5 x 10°
B 4% 103
=2.02x 107" A?

(T=20°C=293K)
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Therefore the rms thermal noise current is
(iH1=4.49%x10"° A

In this example the rms thermal noise current is a factor of 12 greater than the
total rms shot noise current.

Example 9.3 does not include the noise sources within the amplifier, shown in
Figure 6.3. These noise sources, associated with both the active and passiv
elements of the amplifier, can be represented by a series voltage noise source v?and
a shunt current noise source /3. L

Thus the total noise associated with the amplifier iZnp is given by:

_ B .
= | @ty as ©.15)
0

where Y is the shunt admittance (combines the shunt capacitances and resistances)
and f is the frequency. An equivalent circuit for the front end of the receiver,
including the effective input capacitance C, and resistance R, of the amplifier is
shown in Figure 9.4. The capacitance of the detector Cq is also shown and the noise
resulting from Cgy is usually included in the expression for iimp given in Eq. (9.15).

The SNR for the p—-n or p—i—n photodiode receiver may be obtained by
summing the noise contributions from Egs. (9.12), {9.14) and (9.15). It is given by:

2

= Iy (9.16)

2€B(1p + ]d)+ KTB+ Iamp

Zl%

The thermal noise contribution may be reduced by increasing the value of the
load resistor Ry, although this reduction may be limited by bandwidth
considerations which are discussed later. Also, the noise associated with the
amplifier i3mp may be reduced with low detector and amplifier capacitance.

However, when the noise associated with the amplifier i3, is referred to the load
resistor Ry, the noise figure F, [Ref. 1] for the amplifier may be obtained. This

Amp

L
[

L
11

!
|
|
|
L
!
'
!
1
|
l
t
|
1
T
!
i
1

Detector Amplifier

Figure 9.4 The equivalent circuit for the front end of an optical fiber receiver.
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allows i?:p to be combined with the thermal noise from the load resistor i2 to give:

Ayt = “K;fp n 9.17)

The expression for the SNR given in Eq. (9.16) can now be written in the form:

2
S, Iy (9.18)

N 2eB(1, + Is) + 4K;fp"

Thus if the noise figure F, for the amplifier is known, Eq. (9.18) allows the SNR
to be determined.

Example 9.4
The receiver in Example 9.3 has an amplifier with a noise figure of 3 dB. Determine
the SNR at the output of the receiver under the same conditions as Example 9.3.

Solution: From Example 9.3:
1,=87.1x10"% A
i%s=1.44 x 10~19 A2
i1=2.02x 1017 A?

The amplifier noise figure

Fn = 3 dB
=-10 logio 2
Thus F, may be considered as x 2.
In Eq. (9.18) the SNR is given by:
S_ I3
N 2eB(I, + 14y + KTBEn
Ry
12
_iTS+(itx Fn)
- (87.1x10°°%)
(1.44x 107 %)+ (2.02x 107" x 2)

=1.87 x 10?

SNR in dB = 10 log;o 1.87 x 10 = 22.72 dB.
Alternatively it is possible to conduct the calculation in dB if we neglect the shot

noise (say, iss = 0).
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In dB:
I,=9.40-80= —70.60
“Hence
Ip=—141.20dB
and

i?=3.05-170 = — 166.95 dB.

The amplifier noise figure F, =3 dB.
Therefore the

SNR = ~141.20 + 166.95 - 3
=22.75dB

A slight difference in the finai answer may be noted. This is due to the neglected
shot noise term.

A quantity discussed in Section 8.8.3 which is often used in the specification of
optical detectors (or detector--amplifier combinations) is the noise equivalent power
{NEP). It is defined as the amount of incident optical power P, per unit bandwidth
required to produce an output power equal to the detector (or detector—amplifier
combination) output noise power. The NEP is therefore the value of P, which gives
an output SNR of unity. Thus the lower the NEP for a particular detector (or
detector—amplifier combinaiion), the less optical power is needed to obtain a
particular SNR.

9.3.2 Receiver capacitance and bandwidth

Considering the equivalent circuit shown in Figure 9.4, the total capacitance for the
front end of an optical receiver Cr is given by:

Cr=Ca+ G, 9.19)

where Cy is the detector capacitance and C, is the amplifier input capacitance. It
is important that this total capacitance is minimized not only from the noise
considerations discussed previously but also from the bandwidth penalty which is
incurred due to the time constant of Cr and the load resistance R.. We assume here
that Ry is the total loading on the detector and therefore have neglected the
amplifier input resistance Ra.. However, in practical receiver configurations R, may
have to be taken into account (see Section 9.4.1). The reciprocal of the time
constant 2Ry Cr must be greater than, or equal to, the post detection bandwidth B;

1

I7R.C. 2 B (9.20)
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When the equality exists in Eq. (9.20) it defines the maximum possible value of B
for the straightforward termination indicated in Figure 9.4.

Assuming that the total capacitance may be minimized, then the other parameter
which affects B is the load resistance Ry. To increase B it is necessary to reduce Ry.
However, this introduces a thermal noise penalty as may be seen from Eq. (9.14)
where both the increase in B and decrease in Ry contribute to an increase in the
thermal noise. A trade-off therefore exists between the maximum bandwidth -and
the level of thermal noise which may be tolerated. This is especially important in
receivers which are dominated by thermal noise.

Example 9.5
A photodiode has a capacitance of 6 pF. Calculate the maximum load resistance
which allows an 8 MHz post detection bandwidth.

Determine the bandwidth penalty with the same load resistance when the
following amplifier also has an input capacitance of 6 pF.

Solution: From Eq. (9.20) the maximum bandwidth is given by:

1
B =
27RLCq4

Therefore the maximum load resistance

] 1
27C4B 27X 6Xx 10712 x 8 x 10°

=3.32kQ

Thus for an 8 MHz bandwidth the maximum load resistance is 3.32 kf2.
Also, considering the amplifier capacitance, the maximum bandwidth

1 1
B= =
27RL(Ca+ Ca) 27x3.32x103x12x107"

=4 MH:z

Ri(max) =

As would be expected the maximum post detection bandwidth is halved.

9.3.3 Avalanche photodiode (APD) receiver

The internal gain mechanism in an APD increases the signal current-into the
amplifier and so improves the SNR because the load resistance and amplifier noise
remain unaffected (i.e. the thermal noise and amplifier noise figure are unchanged).
However, the dark current-and quantum noise are increased by the multiplication
process and may become a limiting factor. This is because the random gzin
mechanism introduces excess noise into the receiver in terms of increased shot noise
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above the level that would result from amplifying only the primary shot noise. Thus
if the photocurrent is increased by a factor M (mean avalanche multiplication
factor), then the shot noise is also increased by an excess noise factor M*, such that
the total shot noise iZs is now given by:

ida=2eB(I, + I3 )M*** 9.21)

where x is between 0.3 and 0.5 for silicon APDs and between 0.7 and 1.0 for
germanium or [11-V alloy APDs.

Equation (9.21) is often used as the total shot noise term in order to compute the
SNR, although there is a small amount of shot noise current which is not multiplied
through impact ionization. The shot noise current in the detector which is not
multiplied is a device parameter and may be considered as an extra shot noise term.
However, it tends to be insignificant in comparison with the multiplied shot noise
and is therefore neglected in the further analysis (i.e. all shot noise is assumed to
be multiplied).

The SNR for the avalanche photodiode may be obtained by summing the
combined noise contribution from the load resistor and the amplifier given in Eq.
(9.17), which remains unchanged, with the modified noise term given in Eq. (9.21).
Hence the SNR for the APD is:

. 272
S - M-I; 9.22)

N 2eB(1, + Is)M?*** + ﬁ%%
L

It is apparent from Eq. (9.22) that the relative significance of the combined
thermal and amplifier noise term is reduced due to the avalanche multiplication of
the shot noise term. When Eq. (9.22) is written in the form:

S Iy
2eB(I, + Is)M* +

4KTBF, .23)

Ry

it may be seen that the first term in the denominator increases with increasing M
~hereas the second term decreases. For low M the combined thermal and amplifier
noise term dominates and the total noise power is virtually unaffected when the
signal level is increased, giving an improved SNR. However, when M is large, the
thermal and amplifier noise term becomes insignificant and the SNR decreases with
increasing M at the rate of M”. An optimum value of the multiplication factor M,
therefore exists which maximizes the SNR. It is given by:

2eB(I, + )M}, 2

M2

(4KTBFJROMeE  x (9.24)
and therefore
24x _ 4KTFn (925)

7 xeR(Ip + 1s)
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improvement
in SNR (dB)

i i i 1 i A e 4 i i
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Avalanche multiplication tactor M

Figure 9.5 The improvement in SNR as a function of avalanche multiplication
factor M for different excess noise factors M*. Reproduced with permission
from 1. Garrett, The Radio and Electron. fng . 531, p. 349, 1981

The variation in M,, for both silicon and germanium APDs is illustrated in
Figure 9.5 [Ref. 5]. This shows a plot of Eg. (9.22) with F, equal to unity and
neglecting the dark current. For good silicon APDs whete x is 0.3, the optimum
multiplication factor covers a wide range. In the case illusirated in Figure 9.5 Mo,
commences at about 40 where the possible improvement in SNR above a
photodiode without internal gain is in excess of 25 dB. However, for germanium
and [11-V alloy APDs where x may be equal to unity it can be seen that less SNR
improvement is possible (less than 19 dB). Moreover, the maximum is far sharper,
occurring at a multiplication factor of about 12. Also it must be noted that
Figure 9.5 demonstrates the variation of Moy with x for a specific case, and
therefore only represents a general trend. It may be observed from Eq. (9.25) that
M,y is dependent on a number of other variables apart from x.

Example 9.6
A good silicon APD (x=0.3) has a capacitance of 5 pF, negligible dark current and
is operating with a post detection bandwidth of 50 MHz. When the photocurrent
before gain is 1077 A and the temperature is 18 °C; determine the maximum SNR
improvement between M =1 and M = M,, assuming all operating conditions are
maintained.

Solution: Determine the maximum value of the load resistor from Eq. (9.20):

1 1
T 2rCaB 21 x Sx 1077 x 50 x 10°

=635.5Q

Ry
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When M =1, the SNR is given by Eq. (9.22),
S__ I
N 4KTB
L
where I4=0and F,=1
The shot noise is:
2eBl, =2 x1.602% 107" x 50 x 108 x 107’
=1.602x 1078 A?

2eBI, +

and the thermal noise is:

4KTB 4 x1.381 x 107 x 291 x 50 x 10°
Ry 636.5

=1.263x 107" A?

It may be noted that the thermal noise is dominating.

Therefore
S 10~

2 : =17.
N 1.602x10"8x1.263x10° " o1

and the SNR in dBs is:

S
~=101ogio 7.91 = 8.98 dB

Thus the SNR when M =1 is 9.0 dB.
When M =M,, and x=0.3, from Eq. (9.25):
Z+x: 4KT
" xeR.I,

where Iy =0 and F,= 1. Hence:

M2~ 4 x 1.381 x 107 x 291
P T 0.3%x1.602x 10" x636.5x 10”7

and
Mo, = (5.255 x 10%)0433
=41.54
The SNR at M,, may be obtained from Eq. (9.22):
M2}
4KTB

2eBI,M*3 + R

_ (41.54)>x 10" o
{1.602 x 107 "8 x (41.54)23) + 1.263 x 10°1°

=178 x 10°

3
N
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and the SNR in dBs is
—}%z 10 logjo 1.78 X 103 = 32.50dB

Therefore. the SNR when M= M,, is 32.5dB and the SNR improvement over
M=1is 23.5dB.

Example 9.7
A germanium APD (with x = 1) is incorporated into an optical fiber receiver with
a 10 k© load resistance. When operated at a temperature of 120 K, the minimum
photocurrent required to give a SNR of 35 dB at the output of the receiver is found
to be a factor of 10 greater than the dark current. If the noise figure of the
following amplifier-at this temperature is | dB and the post detection bandwidth is
10 MHz, determine the optimum avalanche multiplication factor.

Solution: From Eq. (9.22) with x=1 and M = M, (i.c. minimum phetocurrent
specifies that M= Mo,p) the SNR is:

S _ M1;

N

2B, + [a)M3y + KT8
Ry
Also from Eq. (9.25)

4KTF,

M3 =1
PT eRL(I, + La)
Therefore
4KTF, )}
Moy = | ——
P {eRL(IPJr Id)}

Substituting into Eq. (9.22), this gives:

{ 4KTF, I 2

S leRiUp+ 1)) °

N 8KTBF, , 4KTBF,
Ry RL

and as I3 =0.1 I, the SNR is:

<4KTF.1)§ r
P

_S_ - 1.1eRy.
N 12KTBF,
Ry
Therefore the minimum photocurrent Iy
12KTBF,

(%) ey

I

Sede

——

1.1 eRL
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where the SNR is:

S 3
—=35dB=3.16 x10
N 3

and as F, =1 dB which is equivalent to 1.26:

12KTBF, _ 12x1.381 x 107% x 120 x 107 x 1.26

Ry 10°
C =2.51x107"7
Also
<4KTF,, >%_ (4 X 1.381 x 1072 x 120 x 1.26)%
1.1 eRt/ | 1.1x1.602%x10 P x 107
=2.82x107%
Therefore
I, = (3.16 x 103 x 2.514)( 10'”)*
2.82x 10
=6.87x10"% A

To obtain the optimum avalanche multiplication factor we substitute back into
Eq. (9.25), where:

_ 4x1.381 x10°%x 120x 1.26 g
P TN1L602Xx 107 P x10°x 1.1 x6.87 x 10°¢

=8.84

In Example 9.7 the optimum multiplication factor for the germanium APD is
found to be approximately 9. It shows the dependence of the optimum
multiplication factor on the variables in Eq. (9.25), and although the example does
not necessarily represent a practical receiver (some practical germanium APD
receivers are cooled to reduce dark current), the optimum multiplication factor is
influenced by device and system parameters as well as operating conditions.

9.3.4 Excess avalanche noise factor

The value of the excess avalanche noise factor is dependent upon the detector
material, the shape of the electric field profile within the device and whether the
avalanche is initiated by holes or electrons. It is often represented as F(M) and in
the preceding section we have considered one of the approximations for the excess
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noise factor, wnere:
F(M) = M* (9.26)

and the resulting noise is assumed to be white with a Gaussian distribution.
However, a second and more exact relationship is given by [Ref. 6]:

M- 1\2]

F(M)=M[l -(1 —k)(-————)] 9.27)
M

where the only carriers are injected electrons and A is the ratio of the ionization

coefficients of holes and electrons. If the only carriers are injected holes:

_ L—-k\(M-1V
F(M) = M[l + (T )(————M ) } | (9.28)

The best performance is achieved when k is small, and for silicon APDs £ is
between 0.02 and 0.10, whereas for germanium and IHI-V alloy APDs £ is between
0.3 and 1.0.

With electron injection in silicon photodiodes, the smaller values of k& obtained
correspond to a larger ionization rate for the electrons than for the holes. As k
departs from unity, only the carrier with the larger ionization rate contributes to
the impact ionization and the excess avalanche noise factor is reduced. When the
impact ionization is initiated by electrons this corresponds to fewer ionizing
collisions involving the hole current which is flowing in the opposite direction (i.e.
less feedback). In this case the amplified signal contains less excess noise. The
carrier ionization rates in germanium photodiodes are often nearly equal and hence
k approaches unity, giving a high level of excess noise.

9.4 Receiver structures

A full equivalent circuit for the digital optical fiber receiver, in which the optical
detector is represented as a current source iget, is shown in Figure 9.6. The noise
sources (i, its and famp) and the immediately following amplifier and equalizer are
also shown. Equalization [Ref. 7] compensates for distortion-of the signal due to
the combined transmitter, medium and receiver characteristics. The equalizer is

Detector and bias Amplifier

Figure 9.6 A full equivalent circuit for a digital optical fiber receiver including the
various noise sources.

Equalizer
VOU(
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often a frequency shaping filter which has a frequency response that is the inverse
of the overall system frequency response. In wideband systems this will normally
boost the high frequency components to correct the overall amplitude of the
frequency response. To acquire the desired spectral shape for digital systems (e.g.
raised cosine, see Figure 11.37), in order to minimize iniersymbol interference, it
is important that the phase frequency response of the system is linear. Thus the
equalizer may also apply selective phase shifts to particular frequency components.

However, the receiver structure immediately preceding the equalizer is the major
concern of this section. In both digital and analog systems it is important to
minimize the noise contributions from the sources shown in Figure 9.6 so as to
maximize the receiver sensitivity whilst maintaining a suitable bandwidth. It is
therefore useful to discuss various possible receiver structures with regard to these
factors.

9.4.1 Low impedance front end

Three basic amplifier configurations are frequently used in optical fiber
communication receivers. The simplest, and perhaps the most common, is the
voltage amplifier with an effective input resistance R, as shown in Figure 9.7.

In order to make suitable design choices, it is necessary to consider both
bandwidth and noise. The bandwidth considerations in Section 9.3.2 are treated
solely with regard to a detector load resistance R;. However, in most practical
receivers the detector is loaded with a bias resistor R, and an amplifier (see Figure
9.7). The bandwidth is determined by the passive impedance which appears across
the detector terminals which is taken as Ry in the bandwidth relationship given in
Eq. (9.20).

However, R, may be modified to incorporaie the parallel resistance of the
detector bias resistor R, and the amplifier input resistance R,. The modified total
load resistance Ry is therefore given by:

Ry = _ReRa
Ry + Ra

Considering the expressions given in Egs. (9.20) and (9.29), to achieve an

optimum bandwidth both R, and R, must be minimized. This leads to a low

(9.29)

Detector and bias  Voltage amplifier

Figure 9.7 Low impedance front end optical fiber receiver with voltage
amplifier.
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impedance front end design for the receiver amplifier. Unfortunately this design
allows thermal noise to dominate within the receiver (following Eq. (9.14)), which
may severely limit its sensitivity. Therefore this structure demands a trade-off
between bandwidth and sensitivity which tends to make it impractical for long-haul,
wideband optical fiber communication systems.

9.4.2 High impedance (integrating) front end

The second configuratic consists of a high input impedance amglifier together
with a large detector bias resistor in order to reduce the effect of thermal noise.
However, this structure tends to give a degraded frequency response as the
bandwidth relationship given in Eq. (9.20) is not maintained for wideband
operation. The detector output is effectively integrated over a large time constant
and must be restored bv differentiation. This may be perforined by the correct
equalization at a later stage [Ref. 8} as illustrated in Figure 9.8. Therefore the high
impedance (integrating) front end structure gives a significant improvement in
sensitivity over the low impedance front end design, but it creates a heavy demand
for equalization and has problems of limited dynamic range (the ratio of maximum
to minimum input signais).

The limitations on dynamic range result from the attenuation of the low fre-
quency signai components by the equaiization process which causes the amplifier to
saturate at high signal levels. When the amplifier saturates before equalization has
occurred the signal is heavily distorted. Thus the reduction in dynamic range is
dependent upon the amount of integration and subsequent equalization employed.

Equalizer

Detector and bias High input impedance
voltage amplifier

Figure 9.8 High impedance integrating front end optical fiber receiver with
equaliized voltage amplifier

9.4.3 The transimpedance front end

This configuration largely overcomes the drawbacks of the high impedance front
end by utilizing a low noise, high input impedance amplifier with negative feedback.
The device therefore operates as a current mode amplifier where the high input
impedance is reduced by negative feedback. An equivalent circuit for an optical
fiber receiver incorporating a transimpedance front end structure is shown in Figure
9.9. In this equivalent circuit the parallel resistances and capacitances are combined
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Figure 9.9 An equivalent circuit for the optical fiber receiver incorporating a
transimpedance (current mode) preamplifier.

into R and Cr respectively. The open loop current to voltage transfer function
Ho. (w) for this transimpedance configuration corresponds to the transfer function
for the two structures described previously which do not employ feedback (i.e. the
low and high impedance front ends). It may be written as:

TL ~
Hov() = -G Xt -G — 3901 __=GRu_ .y 4oy 9.30)
Idet R 1 1+ jwRnCr
L+ —
JwCr

where G is the open loop voltage gain of the amplifier and « is the angular
frequency of the input signal.

In this case the bandwidth (without equalization) is constrained by the time
constant given in Eq. (9.20).*

When the feedback is applied, the closed loop current to voltage transfer function
Hci(w) for the transimpedance configuration is given by (see Appendix E)

- R
Hey(w) = L

-1
T GaRiCIG) (VA 9.31)

where R¢ is the value of the feedback resistor. In this case the permitted electric
bandwidth B (without equalization) may be written as:

G

B< 27RCr (9-32)

Hence, comparing Eq. (9.32) with Eq. (9.20) it may be noted that the trans-

* The time constant can be obtained directlv from Eq. (9.30) where the maximum bandwidth is defined
by w=2xB=1/Rn.Cr.
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impedance (or feedback) amplifier provides a much greater bandwidth than do the
amplifiers without feedback. This is particularly pronounced when G is large.

Moreover, it is interesting to consider the thermal noise generated by the
transimpedance front end. Using a referred impedance noise analysis it can be
shown [Ref. 12] that to a good approximation the feedback resistance (or
impedance) may be referred to the amplifier input in order to establish the noise
performance of the configuration. Thus when R¢ < Rrr, the major noise contri-
bution is from thermal noise generated in R;. The noise performance of this
configuration is therefore improved when Ry is large, and it approaches the noise
performance of the high impedance front end when Ry = Rrr. Unfortunately, the
value of Ry cannot be increased indefinitely due to problems of stability with the
closed loop design. Furthermore, it may be observed from Eq. (9.32) that increasing
R; reduces the bandwidth of the transimpedance configuration. This problem may
be alleviated by making G as large as the stability of the closed loop will aliow.
Nevertheless, it is clear that the noise in the transimpedance amplifier will always
exceed that incurred by the high impedance front end structure.

Example 9.8

A high input impedance amplifier which is employed in an optical fiber receiver has
an effective input resistance of 4 MQ which is matched to a detector bias resistor
of the same value. Determine:

(a) The maximum bandwidth that may be obtained without equalisation if the total
capacitance Cy is 6 pF.

(b) The mean square thermal noise current per unit bandwidth generated by this
high input impedance amplifier configuration when it is operating at a
temperature of 300 K.

(c) Compare the values calculated in (a) and (b) with those obtained when the high
input impedance amplifier is replaced by a transimpedance amplifier with a
100 kQ feedback resistor and an open loop gain of 400. [t may be assumed that
R: < Ry, and that the total capacitance remains 6 pF.

Solution: (a) Using Eq. (9.29), the total effective load resistance:

_@x 10%)?

R
™= 78 x 10°

=2 MQ

Hence from Eq. (9.20) the maximum bandwidth is given by:

1 1
T 27R1Cr 2 x2x10%%x6x 10712

=1.33 x 10° Hz

The maximum bandwidth that may be obtained without equalization is 13.3 kHz.
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(b) The mean square thermal noise current per unit bandwidth for the high
impedance configuration following Eq. (9.14) is:

5 4KT  4x1.381 x 1072 % 300
‘"R 2% 10°

1]
=8.29%x 1077 A*Hz!

(¢) The maximum bandwidth (without equalization) for the transimpedance
configuration may be obtained using Eq. (9.32), where

p._ G _ 400
T 2xRCr 2 x 10°x6x 10712

=1.06 x 10* Hz -

Hence a bandwidth of 106 MHz is permitted by the transimpedance design.
Assuming Ry < Rrr, the mean square thermal noise current per unit bandwidth

for the transimpedance configuration is given by:

7 4KT _4x1.381 10" x 300

TRy 10°

=1.66x 10" A2 Hz !

The mean square thermal noise current in the transimpedance configuration is
therefore a factor of 20 greater than that obtained with the high input impedance
configuration.

The equivalent value in decibels of the ratio of these noise powers is:

Noise power in the transimpedance configuration
Noise power in the high input impedance configuration

=10 logm 20

=13 dB

Thus the transimpedance front end in Example 9.8 provides a far greater band-
width without equalization than the high impedance front end. However, this
advantage is somewhat offset by the 13 dB noise penalty incurred with the trans-
impedance amplifier over that of the high input impedance configuration.
Nevertheless it is apparent, even from this simple analysis, that transimpedance
amplifiers may be optimized for noise performance, although this is usually
obtained at the expense of bandwidth. This topic is pursued further in Ref. 13.
However, wideband transimpedance designs generally give a significant
improvement in noise performance over the low impedance front end structures
using simple voltage amplifiers (see Problem 9.18). Finally it must be emphasized
that the approach adopted in Example 9.8 is by no means rigorous and includes two
important simplifications: firstly, that the thermal noise in the high impedance
amplifier is assumed to be totally generated by the effective input resistance of the
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device; and secondly, that the thermal noise in the transimpedance configuration is
assumed to be totally generated by the feedback resistor when it is referred to the
amplifier input. Both these assumptions are approximations, the accuracy of which
is largely dependent on the parameters of the particular amplifier. For example,
another factor which tends to reduce the bandwidth of the transimpedance
amplifier is the stray capacitance Cy generally associated with the feedback resistor -
R:. When Cy is taken into account the closed loop response of Eq. (9.31) becomes:

~ Ry
L JwRA(CHG + C))

He () = 7 (9.32)
However, the effects of Cy may be cancelled by employing a suitable compensating
network [Ref. 14].

The other major advantage which the transimpedance configuration has over the
high impedance front end is a greater dynamic range. This improvement in dynamic
range obtained using the transimpedance amplifier is a result of the different
attenuation mechanism for the low frequency components of the signal. The
attenuation is accomplished in the transimpedance amplifier through the negative
feedback and therefore the low frequency cotaponents are amplified by the closed
loop rather than the open loop gain of the device. Hence for a particular amplifier
the improvement in dynamic range is approximately equal to the ratio of the open
loop to the closed loop gains.- The transimpedance structure therefore overcomes
some of the problems encountered with the other configurations and is often
preferred for use in wideband optical fiber communication receivers [Ref. 15].

9.5 FET Preamplifiers

The lowest noise amplifier device which is widely available is the silicon field effect
transistor (FET). Unlike the bipolar transistor, the FET operates by controlling the
current flow with an electric field produced by an applied voltage on the gate of the
device (see Figure 9.10) rather than with a base current. Thus the gate draws
virtually no current, except for leakage, giving the device an extremely high input
impedance (can be greater than 10" ohms). This, coupled with its low noise and
capacitance (no greater than a few picofarads), makes the silicon FET appear an
ideal choice for the front end of the optical fiber receiver amplifier. However, the
superior properties of the FET over the bipolar transistor are limited by its com-
paratively low transconductance gm (no better than 5 millisiemens in comparison
with at least 40 millisiemens for the bipolar). It can be shown fRef. 13] that a figure
of merit with regard to the noise performance of the FET amplifier is gm/C%. Hence
the advantage of high transconductance together with low total capacitance Cr is
apparent. Moreover, as Cr = Ca + C.. it should be noted that the figure of merit is
optimized when Ca = Ca. This requires FETs to be specifically matched to particular
detectors, a procedure which device availability does not generally permit in current
optical fiber receiver design. As indicated above, the gain of the FET is restricted.
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Figure 9.10 Grounded source FET configuration for the front end of an optical
fiber receiver amplifier.

This is especially the case for silicon FETs at frequencies above 25 MHz where the
current gain drops to values near unity as the transconductance is fixed with a
decreasing input impedance. Therefore at frequencies above 25 MHz, the bipolar
transistor is a more useful amplifying device.*

Figure 9.10 shows the grounded source FET configuration which increases the
device input impedance especially if the amplifier bias resistor Ry, is large. A large
bias resistor has the effect of reducing the thermal noise but it will also increase
the low frequency impedance of the detector load which tends to integrate the
signal (i.e. high impedance integrating front end). Thus compensation through
equalization at a later stage is generally required.

9.5.1 Gallium arsenide MESFETs

Although silicon FETs have a limited useful bandwidth, much effort has been
devoted to the development of high performance microwave FETs since the mid-
1970s. These FETs are fabricated from gallium arsenide and, being Schottky barrier
devices [Refs. 16 to 19], are called GaAs metal Schottky field effect transis-
tors (MESFETs). They overcome the major disadvantage of silicon FETs in that
they will operate with both low noise and high gain at microwave frequencies
(GHz). Thus in optical fiber communication receiver design they present an
alternative to bipolar transistors for wideband operation. These devices have
therefore been incorporated into high performance receiver designs using both
p-i—n and avalanche photodiode detectors [Refs. 21 to 32]. In particular, there has
been much interest in hybrid integrated receiver circuits utilizing p~i-n
photodiodes with GaAs MESFET amplifier front ends. The hybrid integration of
a photodetector with a GaAs MESFET preamplifier having low leakage current,

* The figure of meritlin relation to noise performance for the bipolar transistor amplifier may be shown
Ref. 13] to be (hr )}/ Cr where hge is the common emitter current gain of the device. Hence the noise
performance of the bipolar amplifier may be nptimized in a similar manner to that of the FET amplifier
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low capacitance (less than 0.5 pF) and high transconductance (greater than 30
millisiemens) provides a strategy for low noise optical receiver design [Ref. 33].

9.5.2 PIN-FET hybrid receivers

The p—i—n/FET, or PIN-FET, hybrid receiver utilizes a high performance p—i-n
photodiode followed by a low noise preamplifier often based on a GaAs MESFET,
the whole of which is fabricated using thick film integrated circuit technology. This
hybrid integration on a thick film- substrate reduces the stray capacitance to
negligible levels giving a total input capacitance which is very low (e.g. 0.4 pF). The
MESFETs employed have a transconductance of approximately 15 millisiemens at
the bandwidths required (e.g. 140 Mbit s™*). Early work [Refs. 22 and 23] in the
0.8 to 0.9 um wavelength band utilizing a silicon p—i-n detector showed the
PIN-FET hybrid receiver to have a sensitivity of —45.8 dBm for a 10~° bit error
rate which is only 4 dB worse than current silicon RAPD receivers (see Section
8.9.2).

The work was subsequently extended into the longer wavelength band (1.1 to
1.6 pm) utilizing III-V alloy p—i-n photodiode detectors. An example of a
PIN—FET hybrid high impedance (integrating) front end receiver for operation at
a wavelength of 1.3 um using an InGaAs p—i—n photodiode is shown in Figure 9.11
[Refs. 24 to 27]. This design, used by British Telecom, consists of a preamplifier
with a GaAs MESFET and microwave bipolar transistor cascode followed by an
emitter follower output buffer. The cascode circuit is chosen to ensure that
sufficient gain is obtained from the first stage to give an overall gain of 18 dB. As
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Figure 9.11 PIN-FET hybrid high impedance integrating front cnd receiver [Refs. 24 10
27
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the high impedance front end effectively integrates the signal, the following digital
equalizer is necessary. The pulse shaping and noise fiitering circuits comprise two’
passive filter sections to ensure that the pulse waveforin shape is optimized and the
noise is minimized. Equalization for the integration (i.e. differentiation) 1s
performed by monitoring the change in the integrated waveform over one period
with a subminiature coaxial delay line followed by a high speed low level
comparator. The receiver is designed for use at a transmission rate of 140 Mbits ™
where its performance is found to be comparable to germanium and 11I-V alloy
APD receivers. For example, the receiver sensitivity at a bit error rate of 1077 is
—44.2 dBm.

'When compared with the APD receiver the PIN--FET hybrid has both cost and
operational advantages especially in the longer wavelength region. The low voltage
operation (e.g. + 15 and — 15 V supply rails) coupled with good sensitivity and ease
of fabrication makes the incorporation of this receiver into wideband optical fiber
communication systerns commercially attractive. A major drawback with the
PIN-FET receiver is the possible lack of dynamic range. However, the
configuration shown in Figure 9.11 gave adequate dynamic range via a control
circuit which maintained the mean voltage at the gate at 0 V by applying a negative
voltage proportional to the mean photocurrent to the MESFET bias resistor. With
a — 15V supply rail an optical dynamic range of some 20 dB was obtained. This
was increased to 27 dB by reducing the value of the MESFET bias resistor from
10 to 2 MQ which gave a slight noise penalty of 0.5 dB. These figures compare
favourably with practical APD receivers.

Transimpedance front end receivers have also been fabricated using the
PIN-FET hybrid approach. An example of this type of circuit [Ref. 29] is shown

Figure 9.12 PIN-FET hybrid transimpeadance front end receiver [Ret. 29].
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in Figure 9.12. The amplifier consists of a GaAs MESFET followed by two
complementary bipolar microwave transistors. A siliccn p—i-n photodiode was
utilized with the amplifier and the receiver was designed to accept data at a rate of
274 Mbitss™ . In this case the effective input capacitance of the receiver was 4.5 pF
giving a sensitivity around — 35 dBm for a bit error rate of 167°.

These figures are somewhat worse than the high impedance front end design
discussed previously. However, this design has the distinct advantage of a flat
frequency response to a wider bandwidth whick requires little, if anv, equalization.

9.6 High performance receivers

It is ctear from the discussions in Sections 9.2 to 9.5 that reise performance is a
major design consideration providing a limitation to the sensitivity which may be
obtained with a particular receiver structure and component mix. However, two
other important receiver performance criteria were also outlined in the afore-
mentioned sections, namely, bandwidth and dynamic range. Moreover, distinct
tradeoffs exist between these three performance attributes such that an optimized
design for one criterion may display a degradation in reiation to one or both of the
nther criteria. Nevertheless, although high performance receiver design may seek to
provide optimization for one particular attribute, attempts are generally made to
minimize the degradations associated with the other performance parameters. In
this section we describe further the strategies that have been adopted to produce
high performance receivers for optical fiber communications, together with some of
the performance results which have been obtained over the last few years.

As mentioned in Section 9.5.2, low noise performance. combined with potential
high speed operation has been a major pursuit in the hybrid integration of p—i—n
photodiodes with GaAs MESFETs. In this context it is useful to compare the noise
performance of various transistor preamplifiers over a range of bandwidths. A
theoretical state-of-the-art performance comparison for the silicon junction FET
and (JFET), the silicon metal oxide semiconductor FET (MOSFET) and the silicon
bipolar transistor preamplifier with a GaAs MESFET device for transmission rates
from 1 Mbits™! to 10 Gbits™' is shown in Figure 9.13 [Ref. 34]. It may be
observed that at low speeds the three FET preamplifiers provide higher sensitivity
than the Si bipolar device. In addition it is apparent that below 10 Mbits™' the Si
MOSFET preamplifier provides a lower noise performance than the GaAs
MESFET. Above 20 Mbits™', however, the highest sensitivity is obtained with the
GaAs MESFET device, even though at very high speeds the Si MOSFET and Si
bipolar transistor preamplifiers exhibit a noise performance that is only slightly
worse than the aforementioned device. Furthermore, it is clear that, as indicated in
Section 9.5, the Si bipolar transistor preamplifier displays a noise improvement over
the Si JFET, in this case at speeds above 50 Mbits ™.

The optimization of PIN-FET receiver designs for sessitivity and high speed
operation have been investigated {Refs. 35, 36]. Also a wideband (10 GHz) low
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Figure 9.13 Noise characteristics for various optical receiver transistor
preamplifiers. Reproduced with permission from B. L. Kasper, ‘Receiver
design’, in S. E. Miller and | P. Kaminow (Eds.), Optical Fiber
Telecommunications Il, Academic Press Inc., p. 689, 1988.

noise device using discrete commercial components has recently been reported [Ref.
37}. In addition, new high speed, low noise transistor types are under investigation
for optical receiver preamplifiers. These devices include the heterojunction bipolar
transistor (HBT) [Ref. 38] and high electron mobility transistor (HEMT) [Refs. 39,
40] . The latter device type comprises a selectively doped heterojunction FET which
has displayed 3 dB bandwidths up to 20 GHz within the three stage optical
preamplifier illustrated in Figure 9.14(a) [Ref. 39]. Each stage comprised a shunt
feedback configuration containing a single HEMT with mutual conductance of 70
millisiemens and a gate to source capacitance of 0.36 pF (see Figure 9.14(b)). When
operated with an InGaAs p—i—n photodiode the preamplifier exhibited a 21.5 dB
gain with an averaged input equivalent noise current density of 7.6 pA Hz™* over
the range 100 MHz to 18 GHz.

Although the above discussion has centred on p—i—n receiver preamplifier
designs, high speed APD optical receivers are also under investigation [Refs. 41 to
43]. In particular, a high sensitivity APD-FET receiver designed to operate at
speeds up to 8 Gbits™' and at wavelengths in the range 1.3 to 1.5 ym is shown in
Figure 9.15 [Ref. 42]). The receiver employed a 60 GHz gain—bandwidth product
InGaAs{InGaAsP/InP APD followed by a hybrid GaAs MESFET high impedance
front- end. Moreover, a receiver sensitivity of —25.8 dBm was obtained for a bit
error rate of 107°.

An additional strategy for the provision of wideband, low noise receivers,
especially using the p—i—n photodiode detector, involves the monolithic integration
of this device type with IIT-V semiconductor alloy FETs or HBTs [Refs. 44 to 48] .
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Figure 9.14 Circuit configuration for a high speed optical receiver using a HEMT
preamplifier {Ref. 39]: (a) p~i-n—-HEMT optical receiver; (b) single shunt feedback stage.
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Figure 9.15 Circuit configuration for a high sensitivity APD-FET optical
receiver [Ref. 42].

Such monolithic integrated receivers or optoeiectronic integrated circuits (OEICs)
are discussed further in Section 10.7. However, it should be noted that the mzajor
recent activities in this area have concerned devices for operation in the 1.1 to
i.6 um wavelength range. An example of the circuit configuration of a monolithic
PIN-FET receiver is iliustrated in Figure 9.16 [Ref. 48]. The design comprises a
voltage variable FET feedback resistor which produces active feedback as an input
shunt automatic gain control (AGC) circuit which extends the dynamic range
by diverting excess photocurrent away from the input of the basic receiver.
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Figure 9.16 Monolithic PIN-FET optical receiver circuit configuration.
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Furthermore, the shunt FET gives additional dynamic iange extension through the
mechanism of active receiver bias compensation, which is discussed further in
relation to Figure 9.18.

The receiver dynamic range is an important performance paramaict as it provides
a measure of the difference between the device sensitivity and its saturation or
overload level. A receiver saturation or overload level is largely determined by the
value of the photodiode bias resistor or, alternatively, the feedback resistor in the
transimpedance configuration. Because the photodiode bias resistor has a small
value in the low impedence front end design, then the saturation level is high.*
Simiiarly, the relatively low value of feedback resistor in the transimpedance
configuration gives a high saturation level which combined with a high sensitivity,
provides a wide dynamic range, as indicated in Saction 9.4.3. By contrast the
high value of photodiode bias resistor in the high impedance front end causes a
low saturation level which, even taking account of the high sensitivity of the
configuration, gives a relatively narrow dynamic range. The difference between the
two latter teceiver structu:es may be observed in the dynamic range and sensitivity
characteristics shown in Figure 9.17. Although the sensitivity decreases in moving
from the high impedance design (left hand side) to the transimpedance
configuration (right hand side) as the vaiue of the feedback resistor R, 1s reduced,
the saturation level increases at a faster rate, producing a significantly wider
dynamic range for the transimpedance front end receiver.

The significance of the receiver dynamic range becomes apparent when the reader
considers the ideal multipurpose use of such a device for operation with a variety
of optical source powers over different fiber lengths. Moreover, when a high
impedance receiver with a 1 MQ bias resistor is utilized, the saturaticn level occurs
at an input optical power of 0.5 uW or 33 dBm. Therefore, this device can only
be employed in long-haul communication applications whete the input power level
is low, Corresponding figures for the (ransimpedarice configuration {1 k9 feedback
resistor) aud the low impedance front end (200 0 bias resisior) ave 0.5 mW
(- 3dBm) and 2.5mW (+4dBm). In all cases the saturation level can be
substantialiy umproved by using active recgiver bias COMPEnsation, as ilustrated
schematically in Figure 9.18. Hence, as the d.c. voltage at the input to the amphifier
increases with the incident optical power, the control loop appiies an equal but
opposite shift in the voltage to the other side of the bias resistor. In this way the
voltage at the input 10 the preamplifier becomes independent of the detected power
level. However, in practice the feedback voltage in the control loop cannot be
unbounded and therctore the technique has limitations. Nevertheless, saturation
levels for high impedance {ront end receiver designs may be improved to around
20 uW, or 17 dBm using this technigue.

Even when using bias compensation with a high impedance front end receiver to
improve the saturation level, the overall dynamic range tends to be poor. For such

. . . : . ‘
Unfortunately, the sensitivity of the low impedance configuration 1s poot and hence the dynamic range
15 generally not iarge.
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against the value of the feedback resistor Ry in the transimpedance front end
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a receiver operating at a speed of 1 Gbits™' it is usually in the range 20 to 27 dB,
whereas for a corresponding transimpedance receiver configuration without bias
compensation, the dynamic range can be 30 to 39 dB.™ Furthermore, in the latter
case alternative design strategies have proved successtul in increasing the receiver
dynamic range. In particular the use of optically coupled feedback has demon-
strated dynamic ranges of around 40 dB for p—i—n receivers operating at modest
bit rates [Refs. 49, 50].

The optical feedback technique, which is shown schematically in Figure 9.19,
eliminates the thermal noise associated with the feedback resistor in the trans-
impedance front end design. This strategy proves most useful at low transmission
rates because in this case the feedback resistors employed are normally far smaller
than the optimum value for {ow noise performance so as to maintain the resistor
at a practical size (e.g. 1 MQ). Moreover, large values of feedback resistor limit the
dynamic range of the conventional transimpedance receiver structure, whilst also
introducing parasitic shunt capacitance which can cause signal integration and
hence restrict the bandwidth of the preamplifier. It may be observed from Figure
9.19 that the optical feedback signal is provided by an LED that is driven from the
preamplifier output through a small resistor. This resistor acts as a load to generate
an output voltage for the following amplifiers. The current feedback to the signal
p—i—n photodetector is obtained from a second p-i—n photodiode which detects
the optical feedback signal

The remeoval of the feedback resistor in the optical feedback technique allows low
noise performance and hence high receiver sensitivity of the order of —64 dBm at
transmission rates of 2 Mbits™! [Ref. 50]. In addition, as the feedback LED is a
low impedance device that can be driven with a low output voltage, the problem
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Figure 9.19 Optical feedback transimpedence receiver schematic.

* It should be noted that in both cases the bottom end of the range refers to p—i-n photodiode receivers
whilst the top end of the range is only obtained with APD receivers.
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associated with amplifier saturation is much reduced. Therefore this factor,
combined with the high sensitivity produced by the strategy, enables wide dynamic
range. It should be noted. however, that some penalties occur when employing this
technique in that there is an increase in receiver input capacitance and also an
increase in detector dark current noise {resulting from the use of two photodiodes)
in comparison with the conventional transimpedance preamplifier structure.
Nevertheless, 1t-1s suggested that the optical feedback receiver component costs can
be comparable to resistive feedback designs [Ref. 50] whilst providing a significant
performance improvement.

An alternative strategy for the realization of high sensitivity receivers, in this case
for high speed operation, is to employ preamplification using an optical amplifier
prior to the receiver [Refs. 51 to 55]. The two basic optical amplifier technological
tvpes, namely the semiconductor laser amplifier (SLA) and the fiber amplifier, are
discussed in Sections 10.3 and 10.4 respectively. It is clear, however, that both
device types may be utilized in this preamplification role which is illustrated
schematically for an SLA device in Figure 9.20.* The SLA shown in Figure 9.20
operates as a near-travelling wave amplifier and therefore the output emissions are
predominantly spontaneous creating a spectral bandwidth which is determined by
the gain profile of the device. Because the typical spectral bandwidth is in the range
30 to 40 nm, a bandpass optical filtert is employed to reduce the intensity of the
spontaneous emission reaching the optical detector. This has the effect of reducing
the spontaneous noise products and thus improving the overall receiver sensitivity.

Although the sensitivity improvement introduced by the laser preamplifier is a
function of the device internal gain, the coupling losses between the various
clements and the bandwidth of the bandpass filter, it is typically in the range 10 to
15 dB when using an SLA. Moreover, it is interesting to observe from the sensitivity
versus transmission rate characteristics shown in Figure 9.21 [Ref. 53] that the SLA
preamplifier p—i—n photodiode configuration illustrated in Figure 9.20 displays a
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Figure 9.20 Block schematic of a SLA preamplified p-i-n photodiode receiver.

* It should be noted that the corresponding schematic showing a fiber amplifier fulfilling this role is
provided in Figure 10.9(c).

t The optimum filter bandwidth is determined by a number of factors including the detector noise, the
transmission rate, the transmitter chirp characteristics and the filter insertion loss but is typically in the
range 0.5 to 3 nm.
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Figure 9.21 Characteristics showing receiver sensitivity against transmission bit rate for
StA-preamplified p-i-n photodiode receivers and APD receivers. Reproduced with
permission from C. A. Hunter, L. N. Barker, D. J. T. Heatley, K. H. Cameron and R. L.
Calton, ‘The design and performance of semiconductor laser preamplified optical
receivers’, [EE Collog. Dig. No. 1989/119, paper 9, 1989.

significant improvement over high performance APD receivers, particularly at
speeds of 2.4 Gbits ' and above.

Improvements in overall receiver sensitivity have also been demonstrated using
erbium doped fiber preamplifiers [Refs. 53, 54]. Such fiber amplifiers can provide
much lower input and output coupling losses together with smaller amounts of
spontaneous emission because of their narrower spectral bandwidths (4 to 10 nm)
in comparison with SLAs. This latter attribute means that fiber preamplifiers can
be used without the requirement for an optical bandpass filter between the device
and the receiver. In this context the spontaneous noise bandwidth is simply
determined by the gain characteristic of the fiber amplifier. A recent demonstration
of an erbium doped fiber preamplified p—i—n photodiode receiver displayed an
improvement in receiver sensitivity of 10.5 dB [Ref. 55].

Although in this chapter we have focused on receiver performance and design
techniques for intensity modulated/direct detection optical fiber communication
systems, many of the strategies discussed are also utilized within the generally more
complex receiver structures required to enable coherent transmission. The various
coherent demodulation schemes are discussed in some detail in Section 12.6 and
the coherent receiver sensitivities are compared both with each other and with
direct detection in Section 12.7. However, the specific preamplifier noise and
technological considerations are not repeated as they apply equally to both
detection techniques.
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Problems

9.1

9.3

9.4

9.5

9.6

9.7

9.8

9.9

Briefly discuss the possible sources of noise in optical fiber receivers. Dexcribe in detail
what iy meant by quantum notse. Consider this phenomenon with regard to:

() digital signabang:

(b) analog transmission,

giving any relevant mathematical formulae.

A silicon photodiode has a responsivity of 0.5 AW ™' at a wavelength of 0.85 ym.
Determine the minimum rmcident optical power required at the photodiode at this
wavelength in order to maintain a bit error rate of 10, when utilizing ideal binary
signatling at a rate of 35 Mbits !

An analog optical fiber communication system requires an SNR of 40 dB at the detector
with a post detection bandwidth ot 30 MHz. Calculate the minimum optical power
required at the detector if it is operating at a wavelength of 0.9 um with a quantum
efficiency of 70%. State any assumptions made.

A digial optical fiber link emploving ideal binary signalling at a rate of S0 Mbits
operates at a wavelength of 1.3 um. The detector is a germanium photodiode which has
a quantum etficiency of 43% at this wavelength. An alarm is activated at the receiver
when the bit error rate drops below 10 . Calculate the theoretical minimum optical
power required at the photodiode in order to keep the alarm inactivated. Comment
briefly on the reasons why in practice the minimum incident optical power would need
to be significantly greater than this value.

Discuss the implications ot the load resistance on both thermal noise and post detection
bandwidth in optical fiber communication receivers.

A silicon p-i-n photodiode has a_quantum efficiency of 65% at a wavelength of
0.8 um. Determine:

1

(a) the mean photocurrent when the detector is illuminated at a wavelength of 0.8 um
with § uW of optical power;

_(b) the rms quantum noise current in a post detection bandwidth of 20 MHz;
(¢c) the SNR in dB, when the mean photocurrent is the signal.

The photodiode in Problem 9.6 has a capacitance of 8 pF. Calculate:

(a) the minimum load resistance corresponding 10 a post detection bandwidth of
20 MHz;

(b) the rms thermal noise current in the above resistor at a temperature of 25 °C:

(¢) the SNR in dB resulting from the illumination in Problem 9.6 when the dark current
in the device is 1 nA.

The photodiode in Problems 9.6 and 9.7 is used in a receiver where it drives an amplifier

with a noise figure of 2 dB and an input capacitance of 7 pF. Determine:

(a) the maximum amplifier input resistance to maintain a post detection bandwidth of
20 MHz without equalization;
(b) the minimum incident optical power required to give an SNR of 50 dB.

A germanium photodiode incorporated into an optical fiber receiver working at a
wavelength of 1.55 um has a dark current of 500 nA at the operating temperature.
When the incident optical power at this wavelength is 107® W and the responsivity of
the device is 0.6 A W ™!, shot noise dominates in the receiver. Determine the SNR in dB
at the receiver when the post detection bandwidth is 100 MHz
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9.10 Discuss the expression for the SNR in an APD receiver given by:

9.12

9.13

9.14

9.15

9.16

9.17

9.18

S B

L

with regard to the various sources of noise present in the receiver. How may this

expression be modified to give the optimum avalanche multiplication factor?

A silicon RAPD has a quantum efficiency of 95% at a wavelength of 0.9 um, has an

excess avalanche noise factor of M®* and a camacitance of 2 pF. It may be assumed

that the post detection bandwidth (without equalization) is 25 MHz, and that the dark

current in the device is negligibie at the operating temperature of 290 K. Determine the

minimum incident optical power which can yield an SNR of 23 dB.

With the device and conditions given in Problem 9.11, calculate:

{a) the SNR obtained when the avalanche multiplication factor for the RAPD falls to
half the optimum value calculated:

(b) the increased optical power necessary to restore the SNR to 23 dB with M = 0.5M,,.

What is meant by the excess avalanche noise factor F(M)? Give two possible ways of
expressing this factor in analytical terms. Comment briefly on their relative merits.
A germanium APD (with x= 1.0) operates at a wavelength of 1.35 um where 1ts
responsivity 1s 0.45 AW ' The dark current is 200 nA at the operating temperature of
250 K and the device capacitance is 3 pF. Determine the maximum possible SNR when
the incident optical power is 8 x 10 ~ W and the post detection bandwidth without
equalization is S60 MH/.

The photodiode in Problem 9.14 drives an amplifier with a noise figure of 3 dB and an
input capacitance of 3 pF. Determine the new maximum SNR when they are operated
under the same conditions.

Discuss the three main amplifier configurations currently adopted for optical fiber
communications. Comment on their relative merits and drawbacks.

A high impedance integrating front end amplifier 1s used in an optical fiber receiver
i parallel with a detector bias resistor of 10 M. The effective input resistance of the
amplifier is 6 MQ and the total capacitance (detector and ampliher) is 2 pF.

It is found that the detector bias resistor may be omitted when a transimpedance
front end amplifier design is used with a 270 k{2 feedback resistor and an open loop gain
of 100.

Compare the bandwidth and thermal noise implications ot these two cases, assuming

an operating temperature of 290 K.
A p--i-n photodiode operating at a wavelength of 0.83 ym has a quantum efficiency of
$0% and a dark current of 0.5 nA at a temperature of 295 K. The device is unbiased
but loaded with a current mode amplifier with a 50 kQ feedback resistor and an open
loop gain of 32. The capacitance of the photodiode is 1 pF and the input capacitance
of the amplifier is 6 pF.

Determine the incident optical power required to maintain a SNR of 55 dB when the
post detection bandwidth is 10 MHz. Is equalization necessary?

A voltage amplifier for an optical fiber receiver is designed with an effective input
resistance of 200 Q@ which is matched to the detector bias resistor of the same value.
Determine:

(a) The maximum bandwidth that may be obtained without equalization if the total
capacitance (Cr) is 10 pF.
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(b) The rms thermal noise current generated in this configuration when it is operating
over the bandwidth obtained in (a) and at a temperature of 290 K. The thermal
noise generated by the voltage amplifier may be assumed to be from the effective
input resistance to the device.

(¢} Compare the values calculated in (a) and (b) with those obtained when the voltage
amplifier is replaced by a transimpedance amplifier with a 10 kQ feedback resistor
and an open loop gain of 50. It may be assumed that the feedback resistor is also
used to bias the detector, and the total capacitance remains 10 pF.

9.19 What is a PIN-FET hybrid receiver? Discuss in detail its merits and possible drawbacks

in comparison with the APD receiver.

9.20 Identify the characteristics which are of greatest interest in the pursuit of high

performance receivers.
Discuss the major techniques which have been adopted in order to produce such high
performance receivers for use in long-haul optical fiber communications.

Answers to numerical problems

9.2 —-70.4dBm 9.15 21.9dB

9.3 -37.2dBm 9.16 High impedance front end:

9.4 -70.1dBm 21.22 kHz,

9.6 (a) 2.01 yA; (b) 3.59 nA; 427x 1077 A?Hz Y
(¢) 55.0dB Transimpedance front end:

9.7 (a) 994.7Q; (b) 18.19 nA; 29.47 MHz, 5.93 x 107%°
() 39.3dB A*Hz !

9.8 (a) 1.137 k2; (b} 19.58 uW 9.17 -23.1 dBm, equalization is

9.9 40.1dB unnecessary

9.11 - 50.3dBm 9.18 (a) 159.13 MHz; (b) 160 nA;

9.12 (a) 14.2dB; (b) -49.6 dBm (c) 79.56 MHz, 11.3 nA,

9.14 23.9dB noise power 23 dB down
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10.1 Introduction

The preceding four chapters have been concerned with the devices employed to
provide the electrical—optical interfaces within optical fiber communications.
Optical sources were dealt with in Chapters 6 and 7 followed by optical detectors
in Chapter 8 prior to consideration of optical receiver noise and its etfect on receiver
design in Chapter 9. These electrical-optical and optical—electrical conversion
devices are crucial components for the realization of optical fiber communications,
as mav be observed in the following two chapters which discuss optical fiber
systems. However, these devices are also, in a number of respects, a limiting factor
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within the implementation of optical fiber systems. The conversion of - the
information signal from the electrical domain to ihe optical domain and vice-versa
often provides a bottleneck within optical-fiber communications which may restrict
both the operating bandwidth and the quality of the transmitted signal. Performing
operations on signals in the optical domain combined with the pursuit of more
efficient mechanisms to provide the electrical-optical interfaces has therefore
assumed increasing significance within optical fiber communications and its
associated application areas.

The above consideraticas have stimulated a growing activity in the area of active
devices and components which allow optical signals 1o be manipulated” without
returning them back to the electrical regime where such operations have normally
been carried out in the past. Potentially, such devices aileviate the possible
bottleneck associated with the interfaces as well as providing more efhcient, and
hence cost effective, methods for processing the optical signals. Moreover, in some
cases the use of these devices and components may represent the only realistic
solution for the implementation of particular optical fiber transmission techniques
and systems.

This chapter therefore discusses the major developments in the area of active
optical devices which may be utilized for a variety of functions within optical fiber
communications. In addition it deals with the technologies associated with the
integration of such optical and optoelectronic devrces into circuits and subsystems
(i.e. integrated optics and optoclectronic integration) which are becoming
important areas within the design strategies for advanced optical fiber
communication systems. A major development which was stimulated by the
massive effort to produce laser scurces for optical fiber communications is that of
optical amplification. The technology associated with such active optical devices is
now well established and their use within optical fiber communications is assured.

Section 10.2 introduces the concept of an optical amplifier and outlines the
various generic types that are under investigation. Semiconductor laser amplifiers
are then considered in some detail in Section 10.3. This is foilowed in Section 10.4
with a discussion of the various types of fiber amplifier which have evolved more
recently, assisted by the activities which have led to the realization of fiber lasers
(see Section 6.9.2).

The concepts and technology associated with integrated optics are then intro-
duced in Section 10.5 prior to consideration of some common integrated optical
devices in Section 10.6. In particular the latter section concentrates on directional
couplers and switches, together with modulator devices which provide an alter-
native to direct current modulation for optical sources. Developments in the area
of optoelectronic integration are then dealt with in Section 10.7, particular
emphasis in this technology being concerned with the implementation of
transmitters/receivers and switches on a single substrate.

Optical bistability and digital optics are then discussed Section 10.8 to provide
the reader with an insight into this important area, together with an understanding
of how these phenomena may be utilized within optical fiber communications.
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Finally, in Section 10.9 developments in the field of optical computation are
outlined. Although it is clear that these latter developments do not, at present,
significantly influence optical fiber communications, it is likely that in the future
there will be a requirement for the combination of optical communication, optical
switching and optical computational technologies, within what is fast becoming a
predominantly optical fiber telecommunication network.

10.2 Optica: amplifiers

Optical amplifiers, as their name implies, operate solely in the optical domain with
no interconversion of photons to electrons. Therefore, instead of using regenerative
repeaters which, as currently implemeated, require cptoelectronic devices for
source and detector, together with substantial electronie circuitry for pulse sficing,
retiming and shaping (see Section 11.6.1), optical amplifiers can be placed at
intervals along a fiber link to provide linear amplification of the transmitted optical
signal. The optical amplifier, in principle, provides a much simpler solution in that
it is a single in-line component which can be used for any kind of modulation at
virtually any transmission ratz. Moreover, such a device can be bidirectional and
if it is sufficientiy linear it may atiow muitiplex operation of several signals at
different optical wavelengths (i.e. wavelength division multiplexing). In particuiar
with single-mode fiber systems, the effects of signal dispersion can be small and
hence the major limitation on repeater spacing becomies attenuation due to fiber
losses. Such systems do not require full regeneration of the transmitted digital
signal at each repeater, and optical amplificatien of the signal proves sufficient.
Hence over recent years optical amplifiers have emerged as promising network
elements not just for use as linear repeaters but as optical gain blocks, optical
receiver preamplifiers and, when used in a nonlinear mode, as optical gates, pulse
shapers and routeing switches [Ref. 1].

The two main approaches tc optical amplification to date have concentrated on
semiconductor laser amplifiers which utilize stimulated emission from injected
carriers and fiber amplifiers in which gain is provided by either stimulated Raman
or Brillouin scateerirg® (see Sections 3.5 and 3.14), or by rare earth dopants (see
Section 6.9.2). Both amplifier types {i.e. semiconductor and fiber; specifically rare
earth and Raman) have the ability to* provide high gain over wide spectral
bandwidths, making them eminently suitable for future optical fiber system
applications. ’

The typical gain profiles for various optical amplifier types based around the
1.5 um wavelength region are illustrated in Figure 10.1 [Ref. 2]. It may be observed
that the InGaAsP travelling wave semiconductor laser amplifier (TWSLA), the
erbium doped fiber amplifier and the Raman fiber amplifier all provide wide

Amptlification from both stimulated ‘Raman or Brillouin scattering can occur in undoped relatively
long fiber lengths (=10 km) or doped short lengths (=10 m) of fiber [Ref. 2j.
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Figure 10.1 Optical amplifier gain characteristics. Reproduced with permission from P.
Cochrane, Br. Telecom. Technnl. |, 8 (2), p. 5, 1990.

spectral bandwidths. Hence these optical amplifier types lend themselves to
applications involving wavelength division multiplexing [Ref. 3]. By contrast, the
Briilouin fiber amplifier has a very narrow spectral bandwidth, pessibly around
50 MHz and therefore cannot be employed for wideband amplification. It could,
however, be used for channel selection within a WDM system by allowing
amplification of a particular channel without boosting other nearby channels.
Whereas semiconductor laser amplifiers exhibit low power consumption and their
single-mode waveguide structures make them particularly appropriate for use
with single-mode fiber, it is fiber amplifiers which present fewer problems of
compatibility for in-line interconnection within optical fiber links [Ref. 4]. At
present, semiconductor laser amplifiers are the most developed optical amplifier
generic type but research inio fiber amplifiers has also made rapid progress towards

commercial products over the last few years.

10.3 Semiconductor laser amplifiers

The semiconductor laser - amplifier (SLA) is based on the conventional
semiconductor laser structure where the output facet reflectivities are between 30
and 35% [Refs. 4,5]. SLAs can be used in both nonlinear and linear modes of
operation [Ref. 1}]. Various types of SLA may be distinguished including the
resonant or Fabry—-Perot amplifier which is an oscillator biased below oscillation
threshold [Ref. 6], the travelling wave (TW) and the near travelling wave (NTW)
amplifiers which are effectively single pass devices [Refs. 1,7} and the injection
locked laser amplifier, which is a laser oscillator designed to oscillate at the incident
signal frequency [Ref. 8} . Such devices are capable of providing high internal gain
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(15 to 35dB) with low power consumption and their single-mode waveguide
structure makes them particularly suitable for use with single-mode fiber. SLAs
can, however, be classified into two main groups which are Fabry-Perot amplifiers
(FPAs) and travelling wave amplifiers (TWAS)* [Refs. 1,9], the difference between
these groups being the facet reflectivities. A schematic diagram of an SLA is shown
in Figure 10.2. It is based on the conventional semiconductor laser structure (ga-
or index-guided) with an active region width w, thickness d and length L. When
the input and output laser facet reflectivities denoted by R, and R; are each around
0.3, which depicts a normal semiconductor laser, then an FPA is obtained.t In this
case, as the facet reflectivity is large, a highly resonant amplifier is formed and the
transmission characteristic comprises very narrow passbands, as displayed in
Figure 10.3. The mode zero corresponds to the peak gain wavelength and the mode

R

Ib-as

Figure 10.2 Schematic structure of the semiconductor laser ampiifier.
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Figure 10.3 The Fabry-Perot ampiifier passband where mode 0 corresponds to
the peak gain wavelength [Ref. 1j.

. . . . . .
The neumonics for the traveiling wave semiconductor laser amplifiers are sometimes given as TWSLA

{e.g. Refs. 2,10}.
+ A FPA may be defined as an amplifier with facet reflectivities in the order 0.01 to 0.3 [Ref. 1].
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spacing &\ can be obtained from Eq. (6.16). For operation, the FPA is biased below
the normal lasing threshold current, and light entering one facet appears amplified
at the other facet together with inherent noise. In practice, the amplifier chip is
bonded into a package with single-mode fiber pigtails which are used to guide light
into and out of the amplifier. The inherent filtering of the FPA, although useful in
certain applications, means the device is very sensitive to fluctuations in bias
current, temperature and signal polarization. However, because of the resonant
nature of FPAs. combined with their high internal fields, theyv are used within
nonlinear aoplications: for example, tc provide pulse shaping and bistable elements
{see Section 10.8). ’

To form a travelling wave SLA antireflection coatings may be applied to the laser
facets 1o reduce or eliminate the end reflectivities. This can be achieved bv
depositing a thin layer of silicon oxide or silicon nitride on the end facets such that
the reflectivities are reduced to 1 x 107* or less. Such a device becomes a TWA
operating in the single-pass amplification mode in which the Fabry—Perot
resonance is suppressed by the reduction in facet reflectivity.® This has the effect
of substantially increasing the amplifier spectral bandwidth and it makes the
transmission characteristics less dependent upon fluctuations in bias current,
temperature and input signal polarization. Hence the TWA proves superior to the
FPA (particularly for linear applications) and also provides advantages in relation
to both signal gain saturation and noise characteristics [Ref. 9]. Moreover,
antireflection facet coatings have the effect of increasing the lasing current
threshold, as illustrated in Figure 10.4 and so in practice such SLAs are operated
at currents far beyond the normal lasing threshold current.

R=30% 3%

Light / 0.3%
output / /

/ /

/ /

P / 7
— -
— - - ‘—_— - """""/
Current [

Figure 10.4 Light output against current characteristic for the semiconductor
laser amplifier with different values of facet reflectivity R.

* Intheory, a true TWA is the limiting case of a device with facets exhibiting zero reflectivity. However,
in practice, even with the best antireflection coatings, some residual facet reflectivity remains (e.g. a low
reflectivity of 1 x 10™* has been obtained at a wavelength of 1.5 um [Ref. 11}). Hence such devices are
also referred to as near iravellimg wave amplifiers {Refs. 1, 12].
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10.3.1 Theory

The general equation for the cavity gain G of a SLA as a function of signal
frequency f takes the form [Refs. 1,9,10]:

(A =R)U - R)G: (10.1)
(1 = JRiR:G.)* + 4/R\R:G; sin? ¢

where R, and R, are the input and output facet reflectivities respectively, Gs is the
single pass gain and ¢ is the single pass phase shift through the amplifier. It should
be noted that Eq. (10.1) does not include coupling losses to and from the amplifier
and that the phase shift ¢ may be written as [Ref. 9}:

G =

_xf-So)
$=""%F (10.2)

where f, is the Fabry—Perot resonant frequency and éf is the free spectral range
of the SLA.

The 3 dB spectral bandwidth of an FPA, or essentially the *3 dB single
longitudinal mode bandwidth defined by the FWHP points Brpa, is shown in
Figure 10.3. It may be observed that using Egs. (10.1) and (10.2), Bepa may be
expressed as:

Bron =201 0= 2 - LR

™ 2(JR\R:G;)}

1= [RiR,G, R‘ch’] (10.3)

c .
——- sin il
wnl [Z(JkleGs);

where the mode separation frequency interval §f given by Eq. (6.14) combines
the velocity of light ¢ and the refractive index of the amplifier medium n with its
length L. Alternatively the 3 dB spectral or optical bandwidth may be expréssed as
a function of the FPA cavity gain G following [Ref. 1]:

) __ € |- R)(1 - Ry)
Srpa s sin [2<————JI—?—11—§;G )] (10.4)

Example 10.1
An uncoated FPA has facet reflectivities of 30% and a single pass gain of 4.8 dB.
The amplifier has a 300 um long active region, a mode spacing of 1 nm and a peak
gain wavelength of 1.5 um. Determine the refractive index of the active medium and
the 3 dB spectral bandwidth of the device.

Solution: The refractive index of the active medium at the peak gain wavelength
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may be obtained by rearranging Eq. (6.16) such that:

ne (1.5%x10°°)°
g N U

0 %% 300x 10 ¢

C s
pr,\ = e S

2998x10° oy [ 1-0.09x3.020
T35 % 3001070 1720J0.09 % 3.020) |
o040y
~ 8.482 % 107 sin” 1] 0-040)
11.90:4]
8.482 x 10" % 0.494 = 4.2 GHz.

I

The above result demonstrates the rarrow spectral bandwidth obtained with an
uncoated FPA.

The single pass gain G, defined in terms of the device parameters and the applied
bias current following Eq. (6.18) for the semiconductor laser® is generally written

in the form:

G, =explgl) (10.5)
where z is the nett gain coefiicient per unit length and L is the amplifier active
length. However, the nett gain per unit length g may be defined in terms of the
material gain coefficient gm, the eptical confinement factor I, and the effective loss

coefficient per unit length & as {Ref. 1]:

g =Tgn-0 (10.6)

Furthermore, the material gain coefficient gm i« related to the signal intensity /

following [Ref. 11

Bo
= 10.7
Em 1+ I/Is ( )

where g, is the unsaturated material gain coefficient in the absence of the input
signal and I is the saturation intensity. Hence substitution of Eqgs. (10.6) and (10.7)

* The round trip gain of Eq. (6.18) includes 2 factor of 2 which is omitted for the single pass gain.
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in Eq. (10.5) for the singie pass gain gives:

Go=expi{lgm ~a)L) (10.8)
T R

= ox - LA Y 10.9

em{(\“rl/[; u) } (10.9)

It may be observed from Egs. (10.8) and (10.9) that the single pass gain decreases
with increasing intensity and that the material gain coefficient is reduced by a factor
of 2 when the internal signal intensity 7 is equal to the saturation intensity /.

The phase shift ¢, associated with the single pass amplifier includes the nominal
phase shift ¢, and an additional component resulting from the change in carrier
density from the nominal density in the absence of a signal. Hence the total phase
shift is given by [Ref. 131:

gobL I
=6+ A 10.10
=@ 2 (1+ 15) ¢ )
where b is the linewidth broadening factor, and the nominal phase shift is:
o= 2—'% (10.11)

where n is the material refractive index. Thus Egs. (10.9) and (10.10) indicate that
both single pass gain and phase are functions of optical intensity. It is clear that
for a constant signal intensity (i.e. with frequency modulation) there is no inherent
signal distortion; however, with a time-varying intensity the gain and phase may
also change with time, causing signal distortion. Furthermore, as G, and ¢, are
functions of the inpur signal intensity, then the SLA will exhibit nonlinear and
bistable characteristics at high input powers.

it may be noted that Figure 10.3 shows the general form of the gain versus
wavelength for an SLA obtained from Eq. (10.1). Furthermore, Egs. (10.3) and
(10.4) give the 3 dB spectral bandwidth for an FPA as the bandwidth of one
longitudinal mode. The 3 dB spectral bandwidth, however, of a TWA is determined
by the full gain width of the amplifier medium itself, as illustrated in Figure 10.5(a)
rather than the Fabry-Perot gain profile. Hence the 3 dB bandwidth of a TWA is
three orders of magnitude larger than that of an FPA [Ref. 9]. Nevertheless, the
passband comprises peaks and troughs whese relative amplitudes are determined by
the facet reflectivities, the single pass gain (and hence the applied bias current) and
the input intensity. This gain undulation or peak-trough rasio of the passband
rippie AG, which is defined as the difference between the resonant and nonresonant
signal gain, may be observed in Figure 10.5(b). It is given by [Refs. 1,9]:

AG = (lim_)z (10.12)
1 - JRiR:G

For wideband operation the peak—trough ratio must be small and for
convenience is normally considered to be less than 3 dB for TWAs over their signal-
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Figure 10.5 Passband characteristics for semiconductor laser amplifiers: (a)
overall characteristics for both the travelling wave and Fabry-Perot amplifiers

showing the large passband ripple in the latter case; (b) illustration of the
peak-trough ratio of the passband ripple given in Eq. (10.12).

gain spectrum' [Refs. 1,9]. Hence an amplifier whose gain ripple significantly
exceeds 3 dB is usually categorized as an FPA.

Example 10.2
Derive an approximate expression for the cavity gain of a TWA in the limiting case

of a 3 dB peak—trough ratio.
Solution: For a 3 dB peak—trough ratio Eq. (10.12) becomes:

(l + :lRleGi)z = 0.5
1- JR;R:G )

* Sometimes this definition is said to apply to a near travelling wave amplifier as, in theory, a gain ripple
of zero would correspond to a pure TWA.
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Therefore,
1+ JRRG. = 0.707 (1 = JRIR,GY)
0.293
R:Gy=-—222=0.172
R 1.707

For a TWA Ry, R; <] and, assuming a zero single pass phase shift, Eq. (10.1)
becomes
G

G 0.172

G = - X P
(1-0.172)" (1 -0.172)2R\R;
_ 025
JRIR;
The approximate expression for the cavity gain for a TWA in the limiting case is

O.ZS/JE}TG. Thus for. wide spectral bandwidth operation the available cavity gain
is determined by the quality of the antireflection coatings on the device.

10.3.2 Performance characteristics

The wide spectral bandwidths that may be achieved using high quaiity antireflection
facet coatings on TWAs are in the region cof 50 to 70 nm. However, in comparison
with FPAs, such devices require significantly higher bias currents for operation as
may be observed from Figure 10.4. In addition, whereas the narrow spectral
bandwidth of FPAs provides inherent noise filtering, it is not obtained with TWAs
and therefore they are subject to increased levels of noise.

The residual facet reflectivity in TWAs intrcduces a further problem when
considering the use of such amplifiers within optical fiber communsication systems.
This problem results from the effect of backward gain within the devices. The gain
of the backward travelling signal Gy is defined as the ratio of the power in the
backward travelling signal P, to the input signal power Pi, into the amplifier.
Hence the gain of the backward travelling signal is given by [Ref. 14]:

Go= P (JR; - JR:G)* + 4R R,G, sin? ¢ (10.13)

" P (1 - JRiR:Gy)? + 4R R:G, sin’ ¢ '
A graphical representation of Eq. (10.13) in which R; = R; for G, = 25 dB is shown
ir Figure 10.6. It may be observed that the backward gain is approaching the
potential forward gain at high facet retlectivity. Moreover, even at low facet
reflectivity (0.01%) the backward gain is still very significant (10 dB). In systems
with cascaded amplifiers, optical isolators may therefore be required to avoid the
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fFigure 10.6 Backward gain against facet reflectivity for the travelling wave
amplifier determined from Eq. (10.13). P; is the power i the forward travelling
signal.

interaction of backward signals between the devices, unless the backward wave
amplitude can be made sufficiently small [Ref. 1].

Another very important characteristic of SLAs is noise since it largely determines
the maximum number of devices which can be cascaded as linear repeaters within
an optical fiber communication system [Ref. 9}. The overall noise generated by an
SLA comprises signal spontaneocus beat noise, spontaneous—spontaneous beat
noise, spontaneous emission shot noise and amplified signal shot noise [Ref. 15].
The beat noise components occur between the signal and the spontaneously emitted
photons as well as between the spontaneously emitted photons themselves. In
addition the former noise component tends to dominate in the higher power
operating region require¢ for repeater applications [Ref. $j. The theoretical
treatment of the SLA noise characteristics is beyond the scope of this text but
interested readers are directed to Ref. 15. It is ciear, however, that uniike an
electronic amplifier, the noise output from an SLA is a function of the signal
intensity. The theoretical mean noise power as a function of facet reflectivity for
an SLA, of iength 500 um with a fixed gain of 25 dB, is shown in Figure 10.7 [Ref.
1]. 1t may be observed that in the travelling wave region the noise power tends
towards a fixed value of —3 dBm. This value is in good agreement with the results
nbtained from measurement {Ref. 1].

It was mentioned previously that the gain of the FPA was very sensitive to
changes in temperature and signal polarization. A dependence on these two
parameters is also observed in TWAs. For example, at an operating wavelength of
1.5 um the gain decreases by around 3 dB when the temperature of a TWA of
length 500 um is increased by S °C [Ref. 1]. Moreover, although a decrease in
temperature increases the device gain, it also increases the passbaad ripple when
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Figure 10.7 Theoretical mean noise power against facet reflectivity
characteristic for a semiconductor laser amplifier of length 500 pm with a gain
of 25 dB [Ref. 1].

there is residual reflectivity. With the FPA these effects are compounded by a shift
in mode wavelength of approximately 10 GHz°C~! caused by the variation in
refractive index with temperature. Hence it is suggested that for high gain FPAs the
temperature must be controlled to within 0.1 °C [Ref. 1].

The dependence of the gain on the polarization of the input signal results from
the difference in the single pass gain for the TE and TM polarization modes. It is
caused by a difference in their optical confinement factors (i.e. I're # I'tm).
Furthermore, this effect is magnified in a resonant cavity because the mode
propagation constants and the modal facet reflectivities are also polarization
dependent. Hence the use of polarization controllers may be necessary when
employing FPAs. The gain difference is minimized, however, with TWAs. For
example, the gain difference for an FPA and a TWA both operating at a wavelength
of 1.5 um was found to be 10 dB and 2.5 dB respectively [Ref. 1].

10.4 Fiber amplifiers

System studies employing fiber based optical amplifiers have at present not pro-
gressed as far as those using semiconductor laser amplifiers [Ref. 2]. Nevertheless,
investigations and. demonstrations have indicated that such fiber devices offer
significant potential within optical fiber communications [Refs. 17 to 19}. Hence it
appears certain that fiber amplifiers will complement the growing device technology
associated with SLAs. Although the various fiber amplifier types have significantly
different performance characteristics, some of which do not match those obtained
with SLAs, in all fiber amplifier devices the spectral bandwidths and centre
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Figure 10.8 Schematic of a fiber amplitier.

wavelengths are largely defined by the aromic structure and not the mechanical
geometry. Variations resulting from temperature changes, ageing and pump power
are therefore less significant in fiber amplifiers than in SLAs.-

A general representation of a fiber amplifier is shown in Figure 10.8. The gain
medium normally comprises a length of single-mode fiber connected to a dichroic
coupler (i.e. a wavelength division multiplexing coupler; see Section 5.6.3) which
provides low insertion loss at both signal and pump wavelengths. Excitation occurs
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Figure 10.9 Some potential system applications for the fiber ampthifier: (a) a
power amplifier at the transmitter; (br an optical repeater; () a preamplifier at
the receiver
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through optical pumping from a high power solid state or semiconductor laser
which is combined with the optical input signal within the coupler. The amplified
optical signal is therefore emitted from the other end of the gain medium.

The major options for implementing fiber amplifiers were mentioned in Section
10.2; namely, rare earth deped fiber amplifiers, Raman fiber amplifiers and
Briilouin fiber amplifiers.* In particular, the former two device types, in common
with travelling wave SLAs, are expected to be used across a broad range of system
applications, some of which are illustrated in Figure 10.9. These include use as: a
power amplifier at the transmitter. an in-line optical repeater amplifier and an
optical preamplifier at the receiver.

10.4.1 Rare earth doped fiber amplifiers

Both neodymium and erbium doped fiber lasers were discused in Section 6.9.2. To
date work on rare earth doped fiber amplifiers has concentrated on the erbium
dopant, pariicularly in silice based single-mode fibers. High gains of between 30
and 40 dB with low noise have been demonstrated [Refs. 3,20,21] with opiical
pump powers in the range 50 to 100 mW. Such devices can be made to lase over
the longer wavelength region (1.5 to 1.6 um) of interest within optical fiber
communications. Practical pump bands exist at wavelengths of 532 nm, 670 nm,
807 nm, 980 nm and 1480 nm [Refs. 2, 22). ilowever, the latter three wavelengths
comprise the most important pump bands. The amplification is dependent on the
material gain of a relatively short section (1 to 100 m) of the fiber. Aluminium
codoping can be used ic broaden the spectral bandwidth to around 40 nm {see
Figure 10.1). It should be noted, however, that the spectral dependence on gain is
not always as constant as that illustrated in Figure 10.1 (for example, see
Figure 6.44) and hence the spectral bandwidth for erbium doped silica fibers may
be restricted to around 300 GHz (2.4 nm) [Ref. 20].

A factor which limits the gain availabie frean an erbium doped fiber ampilifier is
a phenomenon known as excited state absorption (ESA). This process is illustrated
in the energy level diagrams for an erbium doped fiber system shown in Figure
10.10. Erbium provides a three level lasing scheme which is illustrated in Figure
10.10(a). However, in the erbium fiber amplifier photons at the pump wavelength
tend to promote the electrons in the upper lasing level into a still Ligher state of
excitation, as shown in Figure 10.10(b). These electrons then decav nonradiatively
to intermediate ievels, such as the pump bauds, and then eventually back to the
upper lasing level. Hence ESA reduces the pumping efficiency of the device and as
a result it is necessary to pump at a higher power to obtain a specific gain.

The reduction of ESA in erbium doped fiber amplifiers is therefore being pursued
[Refs. 19, 22]. This may be achieved by changing the location of the energy ievels
through codoping of the erbium-silica fiber amplifier with other compounds such
as phosphorus pentoxide. Another technique is to pump the fiber amplifier at a

* In these devices the gain medinm is often a standard single-inode fiber.
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wavelength which does not cause the population of an excited state. Unfortunately,
significant ESA is present at the favoured 807 nmn pump band. Nevertheless,
improved efficiency is obtained with the 980 and 1480 nm pump wavelengths. In
particular the 980 nm wavelength displays high efficiency {twice the dB W ! gain
figure of the 1480 am wavelength) bui pump sources are not readily available,
whereas operation at 1430 nm can be racilitated by both semiconductor and solid
stare laser sources.

Ar a'ternative solution to avoid ESA, however, is to change to another glass
technology in place of silica. In this context the success that has been achieved in
lasing with a fluorozirconate host glass (see Section €.9.2) may provide a way
forward. Signal ampiification has already been obtained in an erbium doped
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figure 10.10 Energy lever diagrams for erbium doped silica fiber laser: (a) the
three level lasing scheme provided by Er* doping; (b) an illustration of
excited state absorption, which is a major limitation.
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muitimode fluorozirconate fiber using a 488 nm pump wavelength to provide gain
at a wavelength of 1.525 um [Ref. 27].

10.4.2 Raman and Brillouin fiber amplifiers

Nonlinear effects within optical fiber may also be employed to provide optical
amplification. Such amplification can be achieved by using stimulated Raman
scattering, stimulated Brillouin scattering or stimulated four photon mixing, giving
parametric gain (see Sections 3.5 and 3.14) by injecting a high power laser beam
into undoped (or doped) optical fiber. Among these Raman amplification exhibits
advantages of self phase matching between the pump and signal together with a
broad gain—bandwidth or high speed response in comparison with the other
nonlinear processes. In particular the broad gain—bandwidth associated with
Raman amplification is attractive for application to possible future wavelength
division multiplexed (WDM) systems [Ref. 18].

The pump signal optical wavelengths in Raman fiber amplifiers are typically
500 cm™! higher in frequency than the signal to be amplified, and the pumping
signal can propagate in either direction along the fiber. A schematic representation
of both the forward and backward pumping capability of Raman fiber amplifiers
is shown in Figure 10.11. Moreover, continuous-wave Raman gains exceeding 20 dB
have been demonstrated experimentally in silica fiber [Ref. 24] which in principle
exhibits a broad spectral bandwidth of up to 40 nm with suitable doping of the fiber
[Ref. 2]. In addition, Raman gain in excess of 40 dB has been obtained using
fluoride glass fiber in which the Raman shift is 590 cm ™' [Ref. 25]. More recently,
Raman fiber amplifiers have been investigated for WDM system applications. For
example, the simultaneous amplification using 60 mW pump power of three DFB
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Q >
Signal ["‘1
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Q

B e :

Signal f '
Pump

Figure 10.11 lllustrations of the forward and backward pumping capability
associated with the fiber Raman amrplifier.
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laser diodes operating at wavelengths between 1570 nm and 1580 nm provided each
channel with 5 dB gain [Ref. 26]. Furthermore, the gain—bandwidth of this fiber
Raman amplifier was estimated to be in the range 20 to 30 nm.

The Raman gain Gx is dependent on a number of factors including the fiber
length, the fiber attenuation and the fiber core diameter.® It may be expressed as
a function of the optical pump power P, as [Ref. 23]:

. irgPpLeﬂ)

Gg-exp< An.———egk ’ (10.14)
where gy is the power Raman gain coefficient, and A.s and L.g are the effective
fiber core area and length, respectively, and & is a numerical factor that accounts
for polarization scrambling between the optical pump and signal [Ref. 28]. It
should be noted that for complete polarization scrambling, as in conventional
single-mode fiber, k = 2. The effective fiber core area and length are given by:

Aeg = mris (10.15)

_l-exp (—apl)
Ap

Les (10.16)
where r.q is the effective core radius, ap is the fiber, transmission loss at the pump
wavelength and L is the actual fiber length.

The theoretical Raman gain characteristics as a function of fiber length for
standard 10 um core single-mode fibers with a pump input power of 1.6 W are
shown in Figure 10.12 [Ref. 18]. It may be observed that the Raman gain becomes
larger as the fiber lengths increase up to around 50 km where asymptotically it
reaches a constant value. Moreover, it is clear that higher Raman gains can be
obtained with lower loss fibers. Although not apparent from Figure 10.12, it is also
the case that the Raman gain is increased as the fiber core diameter is decreased (see
Eq. (10.14)). Nevertheless, in general the optical pump power required for Raman
amplification tends to be high.

By contrast, stimulated Brillouin scattering is a very efficient nonhnear
amplification mechanism that can provide high gains at modest optical pump
powers of around 1 mW [Ref. 19]. However, it results from the scattering process
in which the pump wavelength is often only around 20 GHz distance from the
frequency of the optical signal to be amplified. Moreover, it is a narrow band
process and the gain—bandwidth may only be in the range 15 to 20 MHz in silica
fiber at a wavelength of 1.5 um [Ref. 29]. The limitation on the spectral bandwidth
in a pure silica fiber is around 50 MHz [Ref. 2] which fundamentally restricts the
use of Brillouin amplifiers to relatively low speed communications. Although it is
possible to extend the spectral bandwidth to 100 to 200 MHz with germanium
doping of the fiber core, it does not significantly alleviate this problem.

* In standard single-mode fibers there are relatively low concentrations of germanium in the core which
increases the peak Raman gain in“comparison with pure silica core fiber.
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6, p. 1225, 1988. Copyright © 1988 1EEE.

Nevertheless, when the fiber is pumped with a CW laser at a power in the range
5 to 10 mW, gains in excess of i3 dB can be obtained [Ref. 2]. A very precise
frequency difference of around 11 GHz, however, must be maintained between the
optical pump and the signal to ensure that the Brillouin scattering phenomenon
continues unabated. This fiber amplifier type is therefore perceived to have a rather
restricted range of application. However, the narrowband process could-be useful
in the provision of tunable filters within WDM systems. It can provide channel
selection by allowing amplification of a particular channel without boosting other
nearby channels. For example, Brillouin amplification has been investigated for
channel selection in densely packed, single-mode fiber systems [Ref. 30]. In this
case data transmitted at a rate of 45 Mbiy s™! were detected without errors with an
interfering channel spaced only 140 MHz away at an operating wavelength of
1.5 pm.

A possible limitation of Briltouin amplification, however, for bidirectional WDM
applications resuits from crosstalk due to Brillouin gain if the frequency difference
between the counterpropagating waves coincides with the Brillovin shift of around
20 GHz [Ref. 31]. The power levei at which significant crosstalk can occur is only
of the order of 100 uW {Ref. 32]. Fortunately, since the Brillouin gain—bandwidth
is particularly narrow such crosstalk can generally be avoided by a correct choice
of signal wavelengths, without restricting the channel nacking density.
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10.5 Integrated optics

The multitude of potential application areas for optical fiber communications
coupled with the tremendous advances in the fielc Lave over recent vears stimulated
a resurgence of interest in the area of integrated optics (10). The concept of 10
involves the realization of optical and electro-optical elements which may be
integrated in large numbers on to a single substrate. Hence, 10 seeks to provide an
alternative to the conversion of an optical signal back into the electrical regime
prior to signal processing by allowing such processing to be performed on the
optical signal. Thin transparent dielectric layers on planar substrates which act as
optical waveguides are used in 1O to produce miniature optical compcenents and
circuits.

The birth of 10O may be traced back to basic ideas outlined by Anderson in 1966
[Ref. 33]. He suggested that a microfabrication technology could be developed for
single-mode optical devices with semiconductor and dielectric materials in a similar
manner to that which had taken place with electronic circuits. It"was in 1969,
however, after Miller [Ref. 34] had introduced the term ‘integrated optics’ whilst
discussing the long term outlook in the area, that research began to gain
momentum.

Developments in 1C have now reached the stage where simple signal processing
and logic junctions may be physically realized. Furthermore, such devices may form
the building blocks for future digital optical computers. Nevertheless, at present,
these advances are closely linked with developments in lightwave communication
employing optical fibers.

A major factor 'n the development of integrated optics is that it is essentially
based on single-mode optica! waveguides and therefore tends to be-incompatible
with multimode fiber systems. Hence 10 did not make a significant contribution to
first and second generation optical fiber systems (see Section 14.1). The advent,
however, of single-mode transmissicn technelogy has further stimulated work in 10
in order to provide devices* and circuits for these more advanced-third generation
systems. It is apparent that the continued expansion of single-mode optical fiber
communications will create a growing market for such 10 components. Further-
more, it is predicted that the next generation of optical fiber communication
systems employing coherent transmission will lean heavily on 1O techniques for
their implementation (see Chapter 12).

The proposals for 10 devices and circuits which in many cases involve
reinventions of electronic devices and circuits exhibits major advantages other than
solely a compatibility with optical fiber communications. Electronic circuits have a
practical limitation on speed of operation at a frequency of around 10'° Hz
resulting from their use of metallic conductors to transport electronic charges and
build-up signals. The large transmission bandwidths (over 1 GHz) currently under

* Thisis especially the case inrelation to the fabrication of single-mode injection lasers (see Secticn 6.6).
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investigation for optical fiber communications are alreaay causing difficulties for
electronic signal processing within the terminal equipment. The use of light with its
property as an electromagnetic wave of extremely high frequency (10" to 10*° Hz)
offers the possibility of high speed operation around 10* times faster than that
conceivable employing electronic circuits. Interaction of light with materials such
as semiconductors or transparent dielectrics occurs at speeds in the range 10 12 (pico)
to approaching 107 '* (femto) seconds, thus providing a basis for subpicosecond
optical switching.

The other major attribute provided by optical signals interacting within a
responsive medium is the ability to utilize lightwaves of different frequencies (or
wavelengths) within the same guided wave channel or device. Such frequency
division multiplexing allows an {nformation transfer capacity far superior to
anything offered by electronics. Moreover, in signal processing terms it facilitates
parallel access to information points within an optical system. This possibility for
powerful parallel signal processing coupled with ultrahigh speed operation offers
tremendous potential for applications within both communications and computing.

The devices of interest in 10 are often the counterparts of microwave or bulk
optical devices. These include junctions and directional couplers, switches and
modulators, filters and wavelength multiplexers, lasers and amplifiers, detectors
and bistable elements. It is envisaged that developments in this technology will
provide the basis for the fourih generation systems mentioned in Section 14.1 where
full monolithic integration may be achieved.

10.5.1 Planar waveguides

The use of circular dielectric waveguide structures for confining light is universally
utilized within optical fiber communications. IO involves an extension of this
guided wave optical technology through the use of planar optical waveguides to
confine and guide the light in guided wave devices and circuits. The mechanism of
optical confinement in symmetrical planar waveguides was discussed in Section 2.3
prior to investigation of circular structures. In fact the simplest dielectric waveguide
structure is the planar slab guide shown in Figure 10.13. It comprises a planar film
of refractive index n, sandwiched between a substrate of refractive index n; and a
cover layer of refractive index n3 where n; > ny > nj. Often the cover layer consists
of air where n3 = no = 1, and it exhibits a substantially lower refractive index than
the other two' layers. In this case the film has layers of different refractive index
above and below the guiding layer and hence performs as an asymmetric
waveguide.

In the discussions of optical waveguides given in Chapter 2 we were solely
concerned with symmetrical structures. When the dimensions of the guide are
reduced so are the number of propagating modes. Eventually the waveguide
dimensions are such that only a single-mode propagates, and if the dimensions are
reduced further this single-mode still continues to propagate. Hence there is no
- cutoff for the fundamental mode in a symmetric guide. This is not the case for an
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Figure 10.13 A planar slab waveguide. The film with high refractive index
acts as the guiding layer and the cover layer is usually air where n3=no=1.

asymmetric guide where the dimensions may be reduced until the structure cannot
support any modes and even the fundamental is cutoff. If the thickness or height
of the guide layer of a planar asymmetric guide is A (see Figure 10.13), then the
guide can support a mode of order m with a wavelength A\ when [Ref. 35]:

(m+HA
"2 AT nd
Equation (10.17) which assumes, n2 > n; defines the limits of the single-mode
region for A between values when m =0 and m = 1. Hence for a typical thin fihin
glass guide with n; = 1.6 and n; = 1.5, single-mode operation is maintained only
when the guide has a thickness in the range 0.45\ < A < 1.35\.

An additional consideration of equal importance is the degree of confinement of
the light to the guiding layer. The light is not exclusively confined to the guiding
region and evanescent fields penetrate into the substrate and cover. An effective
guide layer thickness h.g may be expressed as:

Regg = h+ X2+ X3 (1018)

(10.17)

where x; and x; are the evanescent field penetration depths for the substrate and
cover regions respectively. Furthermore, we can define a normalized effective
thickness H for an asymmetric slab guide as:

H = kheg(n? — n3)i (10.19)
where k is the free space propagation constant equal to 2x/\. The normalized
frequency (sometimes called the normalized film thickness) for the planar slab guide
following Eq. (2.68) is given by:

V=kh(n?-nHt . (10.20)

An indication of the degree of confinement for the asymmetric slab waveguide
may be observed by plotting the normalized effective thickness against the
normalized frequencv for the TE modes. A series of such plots is shown in Figure
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Figure 10.14 The normalized effective thickness H as a function of the
normalized frequency V for a slab waveguide with various degrees of
asymmetry. Reproduced with permission from H. Kogelnik and V. Ramaswainy,
Appl. Opt., 13, p. 1857, 1974.

10.14 [Ref. 36} for various values of the parameter ¢ which indicates the
asymmetry of the guide, and is defined as:

n;—nj3 .
a= 10.21
n%_n% ( )

it may be observed in Figure 10.14 that the confinement improves with decreasing
film thickness only up to a point where ¥ =2.5. For example, ihe minimum
effective thickness for a highly asymmetric guide (a = ) occurs when Hin = 4.4
at ¥ =2.55. Using Eq. (10.19) this gives a minimurn effective thickness of:

4 ) 5 )
(et dmin = 7 (ny—-n3)"

=0.7 AMnt - n}) (10.22

Therefore counsidering a typical glass waveguide {n; = 1.6 and n; = 1.5}, w2 obtain
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a minimum effective thickness of:
(hcn')min 4 126 /\ “023)

Assuming a minimum operating wavelength to be 0.8 ym limits the effective
thickness of the guide, and hence the confinement to around ! um. Therefore it
appears there is a limut to possible fabrication with IO which 1s not present in other
technologies® [Ref. 38]. At present there is still ample scope but confinement must
be considered aiong with packing density and the avoidance of crosstalk.

The planar waveguides for 10 may be fabricated from glasses and other isotropic
materials such as silicon dioxide and polymers. Although these materials are used
to produce the simplest integrated optical components. their properties cannot be
controlled by external energy sources and hence they are of limited interest. In
order to provide external control of the entrapped light to cauvse deflection,
focusing, switching and modulation, active devices employing alternative materials
must be utilized. A requirement for thesc matenals is that they have the correct
crystal symmetry to allow the local refractive index to be varied by the application
of either electrical, magnetic or acoustic energy.”

To date, interest has centred on the exploitation of the electro-optic effect due
to the ease of controlling electric fields through the use of electrodes together with
the generally superior performance of electro-optic devices. Acousto-optic devices
have, however, found a lesser role, primarily in"the area of beam deflection.
Magneto-optic devices [Ref. 39] utilizing the Faraday effect are not widely used,
as in general, electric fields are easier to gencrate than magnetic fields.

A variety of electro-optic and -acousto-optic materials have been employed in the
fabrication of individual devices. Two basic groups can be distinguished by their
refractive indices. These are materials with a refractive index near 2 (LiNbOs,
LiTa0;, NbOs, ZnS and ZnO) and materials with a refractive index greater than
3 (GaAs, InP and compounds of Ga and In with elements of Al, As and Sb).

Planar waveguide structures are produced using several different techniques
which have in large part been derived from the microelectronics industry. For
example, passive devices may be fabricated by radiofrequency sputtering to deposit
thin films of glass onto glass substrates. Alternatively, active devices are often
produced by titanium (Ti) diffusion into lithium niobate (LiNbOs;) or by icn
implantation into gallium arsenide [Ref. 41].

The planar slab waveguide shown in Figure 10.13 confines light in only one
direction, allowing it to spread across the guiding layer. In many instances it is
useful to confine the light in two dimensions to a particular path on the surface of
the substrate. This is achieved by defining the high index guiding region as a thin
strip (strip guide) where total internal reflection will prevent the spread of the light
beam across the substrate. In addition the strips can be curved or brauched as

* The | xm barrier to confinement applies with all suitable waveguide materials. However, metal clad
waveguides are not so limited but are plagued by high losses [Ref. 37].
t Using the electro-optic, magneto-optic or acousto-opuc effects {Ref. 40}.
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Figure 10.15 Cross section of some sinip waveguide structures: (a) ridge guide;
(b) ditfused chaniiel iembedded strip) guide; (¢ rib guide.

required. Examples of such strip waveguide structures are shown in Figure 10.15.
They may be formed as either a ridge on the surface of the substrate or by diffusion
to provide a region of higher refractive index below the substrate, or as a rib of
increased thickness within a thin planar slab. Techniques employed to obtain the
strip paitern include electron and laser beam lithography as well as
photolithography. The rectanguiar waveguide configurations illustrated in Figure
10.15 prove very suitable for use with electro-optic deflectors and modulators giving
a reduction in the voitage required to achieve a particular field strength. In addition
they allow a number of optical paths to be provided on a given substrate.

A irade-oft also exists between the minimum radius of curvature which is
required for high density integration and the ease of fabrication. It is clear from
Eq. (10.22) that the waveguide dimensions are dependent upon the refractive index
change. When the change is large, the dimensions of the waveguide may be
reduced, even though the scattering iosses become larger. As the maximum confine-
ment of the single-mode guide occurs when it is operated near to the cutoff of the
second order mode, then when the refractive index change is large, the radius of
curvature of the waveguide can also be made very small. It is therefore necessary
to find a compromise for the waveguide material used.

Titaniumn in-diffusion of LiNbO; gives rise to refractive index increases in the
order of 0.0} to 0.02 which dictates a bend radius of the order of a few centimetres
for negligible losses. It is, however, possible to use a proton exchange technique to
increase the refractive index change up to 0.15 [Ref. 42]. By contrast, semi-
conductor III-V allov waveguides based on compositional modification of the
crystal give an index change of around 0.1 8r more [Ref. 43]. Therefore, bend radii
of the order of 1 mm or less may be obtained using these cempounds. Moreover,
although the effects of interest in 1O are usually exhibited over short distances of
around one wavelength, efficienit devices require relatively long interaction lengths,
the effects being cumuiative. Hence, typical device lengths range from 0.5 to
10 mm.

Optical connecticns to and from waveguide devices are normally made by optical
fibers. The overall insertion loss for such devices therefore comprises a waveguide-
fiber coupling loss as well as the waveguide optical propagation loss. Careful
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fabrication of Ti: LINBO: wavegindes with mode spot sizes well matched fo that of
typical single-mode fibers has yielded coupling losses in the range 9.5 1o 1.0 dB per
connection [Ref. 44]. In general, however. semiconductor waveguide devices
exhibit larger fiber coupiing losses because thev operate with smaller spot sizes.

Propagation losses within both slab and sirip wavegaides are generally much
greater than those obtained in single-mode optical hbers. However, more recently,
propagation losses for Ti: LiNbGs war eguides have gone below 0.2 dB ¢m™!, with
excess bend losses being maintained below 0.1 ¢B per bead [Ref. 45]. By contrast
propagation losses im semiconductor waveguides acound | dB cm ™! are obtained
when operating at waveiengths corresponding to the bandgap energy. Much lower
losses of approximately 9.2 dBom” ' however, have 1o be achieved at operating
wavelengths far below the bandgap erergy [Ret. 46].

10.6 Some integrated optical devices

In this section some examples of various types of integraied optical devices together
with their salient features are considered. However, the numerous developments in
this field exclude any attempt to provide other than general exampies in the major
areas of investigation which are pertinent to optical fiber communications. The
requirement for multichannel communication within the various systems considered
in Chapters 11 and 12 demands the combination of informaticn from separate
channels, transmission of the combined signals over a single optical fiber link, and
separation of the individual channels at the receiver prior to routeing to their
individual destinations. Hence the application of 1O in this area is to provide
optical methods for multiplexing, modulation and routeing. These various
functions may be performed with a combination of optical beam splitters, switches,
modulators, filters, sources and detectors.

10.6.1 Beam splitters, directional couplers and switches

Beam splitters are a basic element of many optical fiber comimunication systems
often providing a Y-junction by which signals from separate sources can be
combined, or the received power divided between two ¢r more channels. A passive
Y-junction beam splitter fabricated from LiNbO; is shown in Figure 10.16.
Unfortunately, the power transmission through such a splitter decreases sharply
with increasing half angle v, the power being radiated into the substrate. Hence the
{otal power transmission depends critically upon i w fuch, for ihe example chosen,
must not exceed 0.5° if an acceptable insertion ioss is to be achieved {Ref. 47]. In
order to provide eflective separation of the output arms <o that access o each is
possible, the junction must be many times the width of the guide. For example,
around 3000 wavelengths are required to give a separation of about 30 xm between
the output arms. Therefore, for practicai reasous, the device is relatively long.
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Figure 10.16 A passive Y-junction beam splitter.

The passive Y-junction beam splitter finds application where equal power
division of the incident beam is required. However, the Y-junction is of wider
interest when it is fabricated from an electro-optic material, in which case it may
be used as a switch. Such materials exhibit a change in refractive index én which
is directly proportional to an applied electric field* E following,

on=*inirE (10.24)

where n, is the original refractive index, and 7 is the electro-optic coefficient. Hence
an active Y-junction may be fabricated from a single crystal electro-optic material
as illustrated in Figure 10.17. Lithium niobate is often utilized as_it combines
relatively low loss with large values of electro-optic coefficientst (as high as
30.8 x 107" m V= '). Metal electrodes are attached so that when biasing is applied,
one side of the waveguide structure exhibits an increased refractive index whilst the
value of refractive index on the other side is reduced. The light beam is therefore
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Figure 10.17 An electro-optic Y-junction switch.
* The linear variation of refractive index with the electric field is known as the Pockels effect [Ref. 40] .

t The change in refractive index is related by the applied field via the linear and quadratic electro-optic
coeflicients {Ref. 39].
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deflected towards the region of higher refractive index causing it to follow the
corresponding output arm. Furthermore, the field is maintained in the electrodes
which extend bevond the junction ensuring continuation of the process. With
switching voltages around 30 V, these devices prove to be quite efficient allowing
for larger junction angles to be tolerated than those of the passive Y-junction beam
splitter. However, a physical length of several hundred wavelengths is still required
for the switch. These devices therefore serve the function of optical signal routeing.
In addition, high speed switches can be used to provide time divisicn multiplexing
of several lower bit rate channels onto a single-mode fiber link.

Switches may also be fabricated by placing two parallel strip waveguides in close
proximity to each other as illustrated in Figure 10.18. The evanescent fields
generated outside the guiding region allow transverse coupling between the guides.
When the two waveguide modes have equal propagation constants 3 with
amplitudes 4 and B (Figure 10.18), then the coupled mode equations may be
written as [Ref. 48]:

dA

—d— ']BA + _](,

(10.25)
dB _ BB + jCA
dz

where C is the coupling coefficient per unit length. In this case, assuming no losses
all the energy from waveguide X will be transterred to waveguide Y over a coupling
length /,. Furthermore it can be shown [Ref. 49] that for this complete energy
transfer /o is given by #/2C. If the waveguide modes have different propagation
constants, however, only part of the energy from guide X will be ccupled into guide
Y, and this energy will be subsequently recoupled back into X.

It is also noted that when the propagation constants differ the coupling length /
is reduced from the matched valuc /p and although less energy s transferred, the
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Figure 10.18 Electro-optically switched directional coupler. The COBRA
configuration using two eiectrodes [Ref. 50].
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exchange occurs more rapidly. This property may be utilized to good effect in the
formation of an optical switch. The mismatch in propagation constants can be
adjusted such that the coupling length / is reduced to /2. In this case, energy
coupled from one guide into the other over a distance lof2 will be recoupled inte
the original guide over a similar distance. Hence two distinct cases exist for a switch
of length /s, namely the matched case whereby all the energy is transferred from one
guide to the other and the mismatched case when /= /o/2 where over a distance /
the energy is recoupled into the original guide.

Optical switches of the above type use electrodes placed on the top of each
matched wavegwide {Figure 10.18; so that the refractive indices of the guides are
differentially altered to produce the differing propagation constants for the
mismatched case. A widely used swiich utilizing this technique is called the COBRA
(Commuiateur Opfique Binaire Rapide) {Ret. S0] and is normally formed from
titanium diffused lithium niobate. Fabricaiion of the device, however, is critical in
order to provide a coupling length which is exactly & or an odd multiple of /. An
electrode structure which avoids this problem by dividing the electrodes into halves
with opposite polaritics on each haif is shown in Figure 10.19. With this device,
which is called the stepped AS reversal counler, it is always possibie to obtain both
the matched and musmatched cases described previously by applying suitable values
of the reversed voitage. Hence the {abricaied coupiing length is no longer critical
as the effective coupling iength of the device inay be adjusted electrically to achieve
i

The increasing depioyment of optical fiber, particularly in the telecommuni-
cations network, has stimulated a great interest in optical or photonic switching in
order to provide routing in what is, at present, a circuit switched network {Refs.
51 to 56]. The technolegy discussed in Scctions 10.6 to 10.8 provides the basic
building blocks for such optical switching systems. Such switching systems can be
classified in terms of their switching mechanism into space division switches, time
division switches and wavelingeh or frequency” division switches [Ref. 51,
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Figure 10,19 The stepped A3 reversal coupler switch,

® In the opilcal aomaik these vwe terins are ofen wsed o aadicale thie same principle.



Optical amplification and integrated optics 541

Although at a relatively early siage of development, optical switching matrices
have been realized using 10 technology. Opticai space division switches incor-
porating electro-optically controlled directionai couplers have been demonstrated.
An example is illustrated in Figure 10.20 [Ref. 531 Fry cevice s an 8 X 8 space
switch comprising sixty-four directional couplers G a single lithium niobate
substrate. It exhibited insertion losses in the range 6 1o 8dB and required a
modulation voltage of 40 V. In addition a four channel time division switch using
optical fiber delay lines combined with 4 x 4 {ith:um niobate optical switches has
also been reported [Ref. 571. Optical time division switching at 32 Mbits ™' was
obtained with this device.

Finally, an optical wavelength division switch for two channels using an acousto-
optic deflector (see Section 10.6.2) with a photodiode and injection laser array has
aiso been demonstrated [Ref. 58]. The WDM input signal is deflected by the
acousto-optic deflector according to the frequency of an electrical signal applied tc
control transducer. Each electrical signai frequency corresponds to a defiection to
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Figure 10.20 An 8 x 8 optical space division switch matrix
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a particular photodetector. Hence when the electrical signal frequency is altered,
the optical signal with a wavelength corresponding to the desired frequency is
deflected to the appropriate detector. Moreover, as each optical detector is
connected to an individual injection laser emitting at a different wavelength to the
one received, then the optical signal wavelength is converted to another wavelength.
The device demonstrated the ability to wavelength switch two 400 Mbit s~ ! optical
signals.

10.6.2 Modulators

The limitations imposed by direct current modulation of semiconductor injection
lasers currently restricts the maximum achievable modulation frequencies to a few
gigahertz. Furthermore, with most injection lasers high speed current modulation
also creates undesirable wavelength modulation which imposes problems for
systems employing wavelength division multiplexing. Thus to extend the bandwidth
capability of single-mode fiber systems there is a requirement for high speed modu-
lation which can be provided by integrated optical waveguide intensity modulators.
Simple on/off modulators may be based on the techniques utilized for the active
beam splitters and switches described in Section 10.6.1. In addition a large variety
of predominantly electro-optic modulators have been reported [Ref. 59] which
exhibit good characteristics. For example, an important waveguide modulator is
based upon a Y-branch interferometer which employs optical phase shifting
produced by the electro-optic effect.

The change in refractive index exhibited by an electro-optic material with the
application of an electric field given by Eq. (10.24) also provides a phase change
for light propagating in the material. This phase change 6¢ is accumulative over a
distance L within the material and is given by [Ref. 60]:

2r
bep == N énlL (10.26)
When the electric field is applied transversely to the direction of optical propagation
we may substitute for én from Eq. (10.24) giving:

8¢ == E nirEL (10.27)

Furthermore taking F equal to V/d, where V" is the applied voltage and 4 is the
distance between electrodes gives:

0~ T nir 1L (10.28)

It may be noted from Eq. (10.28) that in order to reduce the applied voltage V
required to provide a particular phase change, the ratio L/d must be made as large
as possible.



