CHAPTER

Direct detection receiver
performance considerations




9.1 Introduction

The receiver in an intensity-modulated/direct detection (IM/DD) optical fiber communica-
tion system (see Section 7.5) essentially consists of the photodetector plus an amplifier
with possibly additional signal processing circuits. Therefore the receiver initially con-
verts 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 per-
forms efficiently with the following amplifying and signal processing circuits. Inherent to
this process is the separation of the information originally 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.
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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 differ-
ent 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 electromagnetic carrier.

In Section 9.2 we therefore briefly review the major noise mechanisms which are pre-
sent in direct detection optical fiber communication receivers prior to more detailed dis-
cussion of the limitations imposed by photon (or quantum) noise in both digital and analog
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 photo-
diode 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 con-
sideration 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.
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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.

The thermal noise current j in a resistor £ may be expressed by its mean square value
[Ref. 1] and is given by:

_ 4KTB

7= 9.1)
where K is Boltzmann's constant, T'is the absolute temperature and B is the post-detection

(electrical) bandwidth of the system (assuming the resistor is in the optical receiver).
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9.2.2 Dark current noise

When there is no optical power incident on the photodetector a small reverse leakage cur-
rent 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 £ is given by:

£ =2eBI, (9.2)

where e is the charge on an electron and ; is the dark current. It may be reduced by care-
ful 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 £'= Af The quantum behavior of electromagnetic
radiation must be taken into account at optical frequencies since Af > 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 follow a discrete probability
distribution which is independent of the number of photons previously detected.

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

P2 = zf“exg!(—g“) 9.3)

where z, 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 r, = nB/hf The number of electrons generated in time 7
is equal to the average number of photons detected over this time period z,. Therefore:
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7= (9.4)

The Poisson distributions for z, = 10 and z, = 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 relation-
ship between the emitted photons. This property dictates an exponential intensity distribu-
tion for incoherent light which if averaged over the Poisson distribution [Ref. 2] gives:

P@)=—"n

(9.5)

= (1 +2n)z=+l
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Figure 9.2 Probability distributions indicating the statistical fluctuations of incoherent
light for z,,= 10 and z,,= 1000




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.

9.2.4 Digital signaling 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:

N P(0]1) = exp(~2,) (9.6)

Thus in the receiver described P(0|1) represents the system error probability P(e) and
therefore:

PN



P(e) = exp(~z,) 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 deter-
mination of a fundamental limit in digital optical communications. This is the minimum
pulse energy E, 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
signaling at 10 Mbit s, and assuming the detector is ideal.

Solution: (a) From Eq. (9.7) the probability of error:
P(e) = exp(-z,) =107

and thus z, = 20.7.

z, corresponds to an average number of photons detected in a time period 7 for a
BER of 107

From Eq. (9.4):

_nPr

=hf = 20.7




Hence the minimum pulse energy or quantum limit:

20.7hf
Bun=Br="

Thus the quantum limit at the receiver to maintain a maximum BER of 10~ is:

20.7hf
n

(b) From part (a) the minimum pulse energy:

P 20.7hf

0

| ’ ?




Therefore the average received optical power required to provide the minimum pulse
energy is:

_20.7hf

F,
m

However, for ideal binary signaling 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:

_ 20.7hf 20.7hfB;

Py(binary) == E = =

where B; is the bit rate. At a wavelength of 1 um, f=2.998 x 10" Hz, and assuming
an ideal detector, n = 1.
Hence:

. 20.7 x 6.626 x 107 x 2.998 x 10" x 10’
F, (binary) = 5

= 20.6 pW




In decibels (dB):

where P, is a reference power level.
When the reference power level is 1 watt:

P =10log,, P, where P, is expressed in watts
=10 log,, 2.06 x 107"
=3.14-110
=-106.9 dBW

When the reference power level is 1 milliwatt:

P, =10 log,, 2.06 x 10°®
=3.14-380
=-76.9 dBm

Therefore the minimum incident optical power required at the receiver to achieve an
error rate of 10~ with ideal binary signaling 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 1 with a BER of 107, 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
photons 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 which also has
Poisson statistics [Ref. 1]. The shot noise current i on the photocurrent Z, is given by:

#=2eBl (9.8)
Neglecting other sources of noise the SNR at the receiver may be written as:

S_5 9.9)
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Substituting for E from Eq. (9.8) gives:
S 1
L
N = 2eB (9.10)
o
I” The expression for the photocurrent /, given in Eq. (8.8) allows the SNR to be obtained in
terms of the incident optical power £ l!
-
= S nPe P, -

(9.11)

N hf2eB 2hfB

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. H




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 _nF,

N 2hfB




S\ 2h(B
R’-(W) n

For S/N= 50 dB, when considering signal and noise powers:

S
10 loglo W — 50

and therefore SN = 10°
At 1 um, f=2.998 x 10" Hz. For an ideal detector 7 = 1 and thus the incident
optical power:

10°x 2 % 6.626 x 1073 x 2.998 x 10" x 5 x 10°
1

P=
=198.6 nW
In dBm:
P,=10log,, 198.6 x 10°°
=-40+ 2.98
=-37.0 dBm

Therefore 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 Example 9.2 suggests and thus in terms of
the absolute optical power requirements analog transmission compares unfavorably with
digital signaling.

However, it should be noted that there is a substantial difference in information
transmission 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 com-
munication system would provide only about 150 speech channels using standard base-
band digital transmission techniques (see Section 12.5). In contrast a 5 MHz analog
system, again operating in the baseband, could provide as many as 1250 similar bandwidth
(=3.4 kHz) speech channels. A comparison of signal to quantum noise ratios between
the two transmission methods, taking account of this information capacity aspect, yields
less disparity although digital signaling 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 Mbit s and analog bandwidth of 600 kHz), gives a difference in absolute sensitivity

in favor of digital transmission of approximately 31 dB. This indicates a reduction of around
9 dB on the 40 dB difference obtained by simply comparing the results over similar band-
widths. Nevertheless, it is clear that digital signaling techniques still provide a significant
benefit in relation to quantum 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 installed optical fiber communication systems use incoherent or direct
detection in which the variation of the optical power level is monitored and no information
is carried in the phase or frequency content of the signal. Therefore, the noise considera-
tions in this section are based on a receiver employing direct detection of the modulated
optical carrier which gives the same SNR as an unmodulated optical carrier. The signi-
ficant developments in coherent optical fiber transmission, however, which have taken
place over recent years are described in Chapter 13. 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 receivers.

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 noise sources shown apply to both
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Figure 9.3 Block schematic of the front end of an optical receiver showing the various
sources of noise




main types of optical detector (p—i~n and avalanche photodiode). The noise generated
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 inco-
herent optical carrier can be shown to be insignificant [Ref. 4] with multimode propaga-
tion and hence 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 result-
ing 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 “I
internal gain, before avalanche photodiode receivers are discussed.




9.3.1 The 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
Egs (9.2) and (9.4) are combined the total shot noise i is given by:

fs=2eB(+ 1) (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 J giving:

s =2eB(L + [+ L) 9.13)

However, as I 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 is espe-
cially the case for wideband systems operating in the 0.8 to 0.9 um wavelength band
because the dark currents in well-designed silicon photodiodes can be made very small.
The thermal noise i/ due to the load resistance R, may be obtained from Eq. (9. 1) and is
given by:

7 4KTB

=— 9.14
R (9.14)

1




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

Example 9.3 does not include the noise sources within the amplifier, shown in Figure 9.3.
These noise sources, associated with both the active and passive elements of the amplifier,
can be represented by a series voltage noise source v: and a shunt current noise
source 1.




Example 9.3

A silicon p-i-n photodiode incorporated into an optical receiver 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 kQ.

The incident optical power at this wavelength is 200 nW and the post-detection
bandwidth of the receiver is 5 MHz. Compare the shot noise generated in the photo-
diode with the thermal noise in the load resistor at a temperature of 20 °C.

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

7 = Nhe_ nkel
PT hf ke

Therefore:

e 0.6x200x10°x1.602x10"9x0.9x10°
P 6.626 x 107 x 2.998 x 10°

=87.1 nA

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

£ =2eB([,+I)
=2x1.602x 1079 x 5 x 10° [(3 + 87.1) x 10~]
=1.44 x 107 A?




and the root mean square (rms) shot noise current is:
(B)i=3.79x 107° A
The thermal noise in the load resistor is given by Eq. (9.14):
i
k.

~ 4x1.381 x 107 x 293 x 5 x 10°
- 4 % 10°

=2.02 x 1077 A®

(T=20°C =293 K).
Therefore the rms thermal noise current is:

(A)i=4.49x 10° A

In this example the rms thermal noise current is a factor of 12 greater than the
total rms shot noise current.
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Figure 9.4 The equivalent circuit for the front end of an optical fiber receiver

Thus the total noise associated with the amplifier 7, is given by:
— B — —
z?.mp=J (Gxv;| Y[)df (9.15)
0

where Yis the shunt admittance (combines the shunt capacitances and resistances) and fis
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 C is also shown and the noise resulting from C; is usually
included in the expression for £, 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:

b (9.16)

2eB(, + L,)+4II‘;LTB + o

The thermal noise contribution may be reduced by increasing the value of the load
resistor K, although this reduction may be limited by bandwidth considerations which are
discussed later. Also, the noise associated with the amplifier 7,,, may be reduced with low
detector and amplifier capacitance.

However, when the noise associated with the amphﬁer Iy is referred to the load resis-
tor Ky, the noise figure F; [Ref. 1] for the amplifier may be obtamed This allows xﬁmp to be
combined with the thermal noise from the load resistor #* to give:

_ 4KTBE,

(9.17)

Thus if the noise figure
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:

[=87.1x10°A
As=1.44x 107 A
£=2.02x 1077 A2

The amplifier noise figure:

FE=3dB
=10 log,, 2

Thus F, may be considered as x 2.
In Eq. (9.18) the SNR is given by:




L
2eB({,+ L)+

S
N

4KTBF,
R

P

" Bo+ (2 xE)

_ (87.1 x 107%)?
(144 x10™) + (2.02 x 107" x 2)

=1.87x 10?

SNR in dB = 10 log,, 1.87 x 10* = 22.72 dB.

Alternatively it is possible to conduct the calculation in dB if we neglect the shot
noise (say, g =0).

In dB:

Ip =9.40 - 80 =-70.60
Hence:
If, =-141.20 dB

and:

#=3.05-170=-166.95 dB




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

%=_141.20 +166.95 — 3

=22.75dB

A slight difference in the final 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 (NVEP). 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 NEPis therefore the value of P, which gives an output SNR of unity. Thus the
lower the NEP for a particular detector (or detector-amplifier combination), 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 C; is given by:

G=G+C, (9.19)

where C, is the detector capacitance and C, is the amplifier input capacitance. It is import-
ant that this total capacitance is minimized not only from the noise considerations dis-
cussed previously, but also from the bandwidth penalty which is incurred due to the time
constant of C; and the load resistance ;. We assume here that R, is the total loading on
the detector and therefore have neglected the amplifier input resistance R,. However, in
practical receiver configurations £, may have to be taken into account (see Section 9.4.1).
The reciprocal of the time constant 27/, C; must be greater than, or equal to, the post-
detection bandwidth B:

1
7R C, > B (9.20)

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 Bis the load resistance R, . To increase Bit is necessary to reduce %;. However, this
introduces a thermal noise penalty as may be seen from Eq. (9.14) where both the increase
in Band decrease in R, 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 toler-
ated. 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 follow-
ing amplifier also has an input capacitance of 6 pF.

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

1
B=
ZﬂRLCd

Therefore the maximum load resistance:

1 1
2nC,B 2mx 6 x 107 x 8 x 10°

=3.32 kQ

R, (max) =

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

1 1
B: =
2nR (Ci+ C) 2mx3.32x10°x12x 1072

=4 MHz

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 cur-
rent and quantum noise are increased by the multiplication process and may become a lim-
iting factor. This is because the random gain mechanism introduces excess noise into the
receiver in terms of increased shot noise 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 i, is now given by:

= 2eB(I, + L) 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 III-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 APD 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:

M
2eB(I, + [) M** +

(9.22)

S_
N 4KTBE,
K

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:

&
%z P AKTBF (3.23)
2eB(, + )M+ === M2
L

——



it may be seen that the first term in the denominator increases with increasing M whereas
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 s 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,+ 1) M 2
(4KTBE,/R) M;:

(9.24)

and therefore:

w__ AKTE
® = xeR (I, + I

(9.25)

The variation in M,, for both silicon and germanium APDs is illustrated in Figure 9.5
[Ref. 5]. This shows a plot of Eq. (9.22) with F; equal to unity and neglecting the dark cur-
rent. For good silicon APDs where x is 0.3, the optimum multiplication factor covers a
wide range. In the case illustrated in Figure 9.5, M,, commences at about 40 where the
possible improvement in SNR above a photodiode without internal gain is in excess of
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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,
Radio Electron. Eng., 51, p. 349, 1981




25 dB. However, for germanium and III-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 maxi-
mum is far sharper, occurring at a multiplication factor of about 12. Also it must be noted
that Figure 9.5 demonstrates the variation of M,, with x for a specific case, and therefore
only represents a general trend. It may be observed from Eq. (9.25) that M,, 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 10~ 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):

2nC,B  2mx 5x 1072 x 50 x 10°

=635.5 Q

When M= 1, the SNR is given by Eq. (9.22):
E

|

AKTB
R

where ;=0and F, = 1.

o
N

2«9BIp +



The shot noise is:

2eBI, =2 x 1.602 x 107" x 50 x 10° x 10
=1.602 x 107 A?

and the thermal noise is:

4KTB 4 x1.381 x 10 x 291 x 50 x 10°
R 636.5

=1.263 x 107" A®

It may be noted that the thermal noise is dominating.
Therefore:

S 10

N-1602x10®x 1263105 1

and the SNR in dB is:

%: 10 log,, 7.91 = 8.98 dB

Thus the SNR when M=1is 9.0 dB.
When M= M,, and x= 0.3, from Eq. (9.25):
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where [, =0 and F, = 1. Hence:

MRS = 4x1.381 x 1072 x 291
%7 0.3x1.602x10"x%636.5x107

and:

M,, = (5.255 x 10343
=41.54

The SNR at M,, may be obtained from Eq. (9.22):
S Melf,

N
2¢BI M + 2518

L

_ (41.54)* x 107
{1.602 x 10 x (41.54)**} +1.263 x 107"

=1.78 x 10*




and the SNR in dB is:

= =10 log,, 1.78 x 10° = 32.50 dB

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




Example 9.7

l
J

A germanium APD (with x = 1) is incorporated into an optical fiber receiver with
a 10 kQ load resistance. When operated at a temperature of 120 K, the minimum
photocurrent required to give an 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 1 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.e. minimum photocurrent
specifies that M= M,,) the SNR is:

M, I

op~p

S _
N 2eB(1, + Id)M‘;p+@

.
Also from Egq. (9.25):

_ 4KTF,
" eR (L +1I)

Therefore:

—



AKTE. |}
M. = n
p [eRL(Ip + Id)j|

Substituting into Eq. (9.22), this gives:

[ AKTF, ]

P

s |eR(L+1)
N 8KTBE,  A4KTBF,
Ry ]

and as [; = 0.11, the SNR is:




AKTF,}
s (l.lek;

N 12KTBE
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Therefore the minimum photocurrent 1;:

12KTBF,

4=(%)
P N(4KTE)%

1.1eR;
where the SNR is:

Ti: 35 dB = 3.16 x 10°

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

12KTBF, _ 12 x 1.381 x 1072 x 120 x 107 x 1.26

R 10*
=2.51x 107"



Also:

4KTF, %= 4%1.381 x 10 x 120 x 1.26 \}
1.1eR; 1.1 x1.602 x 107" x 10*
=282 x10™"
Therefore:

7 _(316x10°x 251 x 1077)¢
: 2.82 x 10”

=6.87x10°% A

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

7 _[ 4% 1.381 x 10 x 120 x 1.26 )
®~(1.602 x 107 x 10° x 1.1 x 6.87 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 noise factor, where:

FIM) =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]:

R = 1- - (M|




where the only carriers are injected electrons and 4 is the ratio of the ionization coefficients
of holes and electrons. If the only carriers are injected holes:

()5

Figure 9.6 provides the excess avalanche noise factor as a function of multiplication factor
M for several values of &k which is obtained from Eq. (9.28). It should be noted that the
hole injections for a value of k= 1, the excess noise factor, are simply equal to the multi-
plication factor. In the case of holes the smaller values of & produce high performance and
therefore the best performance is achieved when k is small. Moreover, for silicon APDs
kis between 0.02 and 0.10, whereas for germanium and III-V alloy APDs kis between 0.3
and 1.0.

With electron injection in silicon photodiodes, the smaller values of & obtained corres-
pond to a larger ionization rate for the electrons than for the holes. As & departs from
unity, only the carrier with the larger ionization rate contributes to the impact ioniza-
tion 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 & approaches unity, giving a high level of
excess noise.
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Figure 9.6 Excess noise factor against multiplication factor for different values of
the ratio of ionization coefficients for holes and electrons k; hole injection based on
Eq. (9.28).




9.3.5 Gain-bandwidth product

In addition to SNR a figure of merit for an APD receiver can also be expressed in terms of
either the maximum 3 dB bandwidth or, alternatively, the gain-bandwidth product [Ref. 7].
The latter term is defined as gain multiplied by the bandwidth and determines a higher
transmission rate limit related to the gain of the APD device. Since gain is a dimensionless
quantity the gain-bandwidth product is therefore measured in the units of frequency
(i.e. GHz).

Figure 9.7 shows the relationship between bandwidth and multiplication factor of an
APD [Ref. 8]. The circles represent the 3 dB bandwidth values and constitute a nonlinear
curve containing a linear part at higher values of the multiplication factor. The linearity
occurs at a cut off frequency point after which the gain of the APD remains constant (i.e.
in this particular case, at M > 6). When these point values displaying the linear part are
connected as indicated in the Figure 9.7, the resultant slope line represents the theoretical
value of the achievable gain-bandwidth product for an APD. For example, the 3 dB band-
width at M= 10 remains 14 GHz which produces a gain-bandwidth product of 140 GHz.
Furthermore, it maintains the same value of gain-bandwidth product for A= 6 witha 3 dB
bandwidth of 23.3 GHz. This suggests a theoretical limit for the gain-bandwidth product
of 140 GHz for the same device. The maximum 3 dB bandwidth for the APD, however, is
shown as 40 GHz which is identified by the horizontal dashed line in Figure 9.7.
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Figure 9.7 Bandwidth (3 dB) against multiplication factor for an APD; adapted with
permission from Ref. 8 © IEEE 2004




Silicon APDs are recognized for their high gain-bandwidth products which result
from the large asymmetry of electron and hole ionization coefficients leading to a ratio of
ionization coefficients & of around 50 [Ref. 9]. However, these APDs do not operate at sig-
nal wavelengths between 1.3 and 1.6 pum and therefore they are not preferred for use in
receivers operating at high transmission rates. Although InGaAs/InP-based APDs possess
high quantum efficiency and can be utilized at signal wavelengths between 1.3 and 1.6 um,
they suffer from a lower gain-bandwidth product due to the small ratios of ionization
coefficients in InP. Nevertheless, separate absorption, charge and multiplication (SACM)
APD receivers (see Section 8.9.4) based on the InGaAs/InAlAs material system exhibit
large gain-bandwidth products and a 290 GHz gain-bandwidth for such APDs has been
achieved while maintaining the 3 dB bandwidth at 33 GHz [Ref. 10]. Hence such devices

have found application in high-speed optical receivers where they provide greater sensitivity
in comparison with p-i-n photodiodes.




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 i,,,, is shown in Figure 9.8. The noise sources (j, i and
I,,,) and the immediately following amplifier and equalizer are also shown. Equalization
[Ref. 11] compensates for distortion of the signal due to the combined transmitter, medium
and receiver characteristics. The equalizer is 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

Detector and bias Amplifier
s 2

Equalizer

o () . SR '- s SR ==Ci (Diamg 2

\ \

Figure 9.8 A full equivalent circuit for a digital optical fiber receiver including the
various noise sources




amplitude of the frequency response. To acquire the desired spectral shape for digital sys-
tems (e.g. raised cosine, see Figure 12.39), in order to minimize intersymbol 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 con-
cern of this section. In both digital and analog systems it is important to minimize the
noise contributions from the sources shown in Figure 9.8 so as to maximize the receiver
sensitivity while 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 K, as shown in Figure 9.9. In order to make suitable design
choices, it is necessary to consider both bandwidth and noise. The bandwidth considera-
tions 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 &, and an
amplifier (see Figure 9.9). The bandwidth is determined by the passive impedance which
appears across the detector terminals which is taken as X, in the bandwidth relationship
given in Eq. (9.20).

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

__RKR,
Rr = R+R (9.29)

——
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Figure 9.9 Low-impedance front-end optical fiber receiver with voltage amplifier

Considering the expressions given in Eqs (9.20) and (9.29), to achieve an optimum band-
width both K, and K, must be minimized. This leads to a low-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 configuration consists of a high input impedance amplifier 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 by differentiation. This may be
performed by the correct equalization at a later stage [Ref. 12] as illustrated in Figure 9.10.
Therefore the high-impedance (integrating) front-end structure gives a significant improve-
ment 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 signals).
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Figure 9.10 High-impedance integrating front-end optical fiber receiver with equalized
voltage amplifier

The limitations on dynamic range result from the attenuation of the low-frequency signal
components by the equalization 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.




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 9.11. In this equivalent circuit the
parallel resistances and capacitances are combined into Ry, and C; respectively. The open
loop current to voltage transfer function H; (w) for this transimpedance configuration




I det CD §Ru =

L

Figure 9.11 An equivalent circuit for the optical fiber receiver incorporating a
transimpedance (current mode) preamplifier




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:

Vo o jeG _ —GRy ’
Hou(0) =~G = G&+‘1 e A (9.30)
L

joC;

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
H,, () for the transimpedance configuration is given by (see Appendix E):

_ -R ’
Ha(@ = 1 copcrg VA 9.31)

where F; is the value of the feedback resistor. In this case the permitted electrical band-
width B (without equalization) may be written as:

B<_G 9.32)

2R Gy




Hence, comparing Eq. (9.32) with Eq. (9.20) it may be noted that the transimpedance (or
feedback) amplifier provides a much greater bandwidth than do the amplifiers without
feedback. This is particularly pronounced when G is large.

* The time constant can be obtained directly from Eq. (9.30) where the maximum bandwidth is
defined by w=27B=1/R; C,.

Moreover, it is interesting to consider the thermal noise generated by the trans-
impedance front end. Using a referred impedance noise analysis it can be shown [Ref. 13]
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; < R, the major noise contribution is from thermal noise generated in & The
noise performance of this configuration is therefore improved when £ is large, and it
approaches the noise performance of the high-impedance front end when R = Ry.
Unfortunately, the value of E; cannot be increased indefinitely due to problems of stability
with the closed loop design. Furthermore, it may be observed from Eq. (9.32) that increas-
ing K, 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 allow. 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:

(@) The maximum bandwidth that may be obtained without equalisation if the
total capacitance C; 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 tem-
perature 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. It may be
assumed that K; << Ry, and that the total capacitance remains 6 pF.

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

(4% 109*
i me

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

g1 _ 1
T 27Ry Cr 27X 2% 10°x 6 x 10712
=1.33x10"Hz

The maximum bandwidth that may be obtained without equalization is 13.3 kHz.




(b) The mean square thermal noise current per unit bandwidth for the high-
impedance configuration following Eq. (9.14) is:

7 _ 4KT _4x1.381 x 10 x 300
‘TR, 2 % 10°

=8.29 x 10°* A’ Hz*

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

e 400
2nRC; 2mx10°x 6 x 1072

=1.06 x 10° Hz

B

Hence a bandwidth of 106 MHz is permitted by the transimpedance design.
Assuming E; < Ry, the mean square thermal noise current per unit bandwidth for
the transimpedance configuration is given by:

_4KT  4x1.381x 10 x 300
TR 10°

=1.66 x 107® A? 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 log,, 20

=13 dB




Thus the transimpedance front-end in Example 9.8 provides a far greater bandwidth
without equalization than the high-impedance front-end. However, this advantage is some-
what offset by the 13 dB noise penalty incurred with the transimpedance 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. 14. However, wideband transimpedance designs generally give a significant improve-
ment 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 gen-
erated by the effective input resistance of the 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 approxima-
tions, 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 trans-
impedance amplifier is the stray capacitance C; generally associated with the feedback
resistor £. When (; is taken into account the closed loop response of Eq. (9.31) becomes:

_ —K;
He; () = 1+ joR(CIG+ C) (9.33)

However, the effects of C; may be cancelled by employing a suitable compensating net-
work [Ref. 15].

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 mech-
anism 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 components 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 approxi-
mately 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 configura-

tions and is often preferred for use in wideband optical fiber communication receivers
[Ref. 16].




9.5 FET preamplifiers

The lowest noise amplifier device which is widely available is the silicon 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 9.12) rather than with

Figure 9.12 Grounded source FET configuration for the front end of an optical fiber
receiver amplifier




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
comparatively low transconductance g, (no better than 5 millisiemens in comparison with
at least 40 millisiemens for the bipolar). It can be shown [Ref. 14] that a figure of merit
with regard to the noise performance of the FET amplifier is g,/C}. Hence the advantage
of high transconductance together with low total capacitance C; is apparent. Moreover, as
C; = C; + C,, it should be noted that the figure of merit is optimized when C, = C,. This
requires FETSs 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. This is especially the case for silicon FETs at
frequencies above 25 MHz where the current gain drops to values near unity as the trans-
conductance is fixed with a decreasing input impedance. Therefore at frequencies above
25 MHz, the bipolar transistor is a more useful amplifying device.*




Figure 9.12 shows the grounded source FET configuration which increases the device
input impedance especially if the amplifier bias resistor K, 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 17-20], are
called GaAs metal Schottky field effect transistors (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 detectors [Refs 21-32] . 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, 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].

* The figure of merit in relation to noise performance for the bipolar transistor amplifier may be

shown [Ref. 14] to be (bFE)ZI C; where f; is the common emitter current gain of the device. Hence

the noise performance of the bipolar amplifier may be optimized in a similar manner to that of the
FET amplifier.




9.5.2 PIN-FET hybrid receivers

The p-i-n/FET, or PIN-FET, hybrid receiver utilizes a high-performance p-i-n photo-
diode 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 integra-
tion 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.
40 Gbits™ [Ref. 31]). Early work [Refs 22, 23] in the 0.8 to 0.9 um wavelength band utiliz-
ing a silicon p-i-n detector showed the PIN-FET hybrid receiver to have a sensitivity of
—45.8 dBm for a 10~ BER 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 um)
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 9.13 [Refs 24-27]. 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 the high-impedance front end effectively integrates the signal, the following
digital equalizer is necessary. The pulse shaping and noise filtering circuits comprise two
passive filter sections to ensure that the pulse waveform shape is optimized and the noise
is minimized. Equalization for the integration (i.e. differentiation) is performed by mon-
itoring 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 Mbit s~ where its performance is found to be comparable
to germanium and III-V alloy APD receivers. For example, the receiver sensitivity at
a BER of 10 is —44.2 dBm. Table 9.1 provides a comparison of typical sensitivities
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Figure 9.13 PIN-FET hybrid high-impedance integrating front-end receiver
[Refs 24-271]




Table 9.1 Sensitivities for InGaAs PIN-FET and InAlAs APD receivers at the
wavelength of 1.55 um

Transmission
Receiver type Sensitivity (dBm) rate (Gbit s™") References

PIN-FET -23.0 25 [Ref. 34]
APD -34.0 25 [Ref. 34]
APD -29.0 10 [Ref. 35]
APD -27.1 10 [Ref. 36]
PIN-FET -71.0 40 [Ref. 34]




obtained with an InGaAs hybrid PIN-FET receiver and an InAlAs APD receiver when
both are operating at a wavelength of 1.55 pm. The hybrid PIN-FET receiver design
displays a lower sensitivity than the APD receiver at a transmission rate of 2.5 Gbit s™ and
although it can also function at the higher transmission rate of 40 Gbit s™, the PIN-FET
receiver then exhibits a very poor sensitivity of only —7.0 dBm [Ref. 34]. It should be
noted that it is difficult to achieve higher transmission rates using conventional PIN-FET
or APD receivers due to limitations in their gain-bandwidth products. Furthermore, the
trade-off between the multiplication factor requirement and the maximum 3 dB bandwidth
also limits the performance of the conventional receivers. However, incorporating optical
amplifiers into traveling-waveguide (TW) and unitraveling carrier (UTC) structures (see
Section 8.9.4) facilitates the design of photoreceivers capable of operating at transmission
rates higher than 40 Gbit s™ [Ref. 8] (also see Section 9.6).




When compared with the APD receiver the PIN-FET hybrid has both cost and opera-
tional 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
systems commercially attractive. A major drawback with the PIN-FET receiver is the
possible lack of dynamic range. However, the configuration shown in Figure 9.13 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 =15 V 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 com-
pare favorably 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 in Figure 9.14. The
amplifier consists of a GaAs MESFET followed by two complementary bipolar micro-
wave ftransistors. A silicon p-i-n photodiode was utilized with the amplifier and the
receiver was designed to accept data at a rate of 274 Mbits s'. In this case the effective
input capacitance of the receiver was 4.5 pF giving a sensitivity around —35 dBm for a
BER of 107°.

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 which requires little, if any, equalization.
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Figure 9.14 PIN-FET hybrid transimpedance front-end receiver [Ref. 29]
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9.6 High-performance receivers

It is clear from the discussions in Sections 9.3 to 9.5 that noise 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 aforementioned sections, namely bandwidth
and dynamic range. Moreover, distinct trade-offs exist between these three performance
attributes such that an optimized design for one criterion may display a degradation in
relation to one or both of the other 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 pro-
duce high-performance receivers for optical fiber communications, together with some of
the performance results which have been obtained over the last few years.
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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 (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 Gbit s™ is shown in
Figure 9.15 [Ref. 37]. 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 Mbit s~ the Si MOSFET preamplifier provides a lower noise performance than the
GaAs MESFET. Above 20 Mbit s™', 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
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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 Mbit s™.

The optimization of PIN-FET receiver designs for sensitivity and high-speed operation
has been investigated [Refs 38, 39]. Also a wideband (10 GHz), low-noise device using
discrete commercial components has been reported [Ref. 40]. In addition, new high-speed,
low-noise transistor types have been investigated for optical receiver preamplifiers. These
devices include the heterojunction bipolar transistor (HBT) [Ref. 41] and high electron
mobility transistor (HEMT) [Refs 42, 43]. 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 9.16(a) [Ref. 42]. Each stage com-
prised 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 9.16(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 centered on p-i-n receiver preamplifier designs, high-
speed APD optical receivers have also been investigated [Refs 44-46]. In particular, a
high-sensitivity APD-FET receiver designed to operate at speeds up to 8 Gbit s™ and at
wavelengths in the range 1.3 to 1.5 pm is shown in Figure 9.17 [Ref. 45]. 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 BER of 10™.

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 III-V semiconductor alloy FETs or HBTs [Refs 47-51]. Such monolithic

integrated receivers or optoelectronic integrated circuits (OEICs) are discussed further in
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Chapter 11. However, it should be noted that the major recent activities in this area have
concerned devices for operation in the 1.1 to more 1.6 pm wavelength range. An example
of the circuit configuration of a monolithic PIN-FET receiver is illustrated in Figure 9.18
[Ref. 51]. 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. Furthermore, the shunt FET gives additional dynamic range extension through
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the mechanism of active receiver bias compensation, which is discussed further in relation
to Figure 9.20 following.

The receiver dynamic range is an important performance parameter 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 photo-
diode bias resistor or, alternatively, the feedback resistor in the transimpedance configura-
tion. Because the photodiode bias resistor has a small value in the low-impedence front-end
design, the saturation level is high.* Similarly, 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 Section 9.4.3. By contrast

* Unfortunately, the sensitivity of the low-impedance configuration is poor and hence the dynamic
range is generally not large.
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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 receiver
structures may be observed in the dynamic range and sensitivity characteristics shown in
Figure 9.19. Although the sensitivity decreases in moving from the high-impedance
design (left hand side) to the transimpedance configuration (right hand side) as the value
of the feedback resistor &; is reduced, the saturation level increases at a faster rate, produc-
ing a significantly wider dynamic range for the transimpedance front-end receiver.

The significance of the receiver dynamic range becomes apparent when the reader con-
siders 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 saturation level occurs at an input optical power
of 0.5 uW or —33 dBm. Therefore, this device can only be employed in long-haul com-
munication applications where the input power level is low. Corresponding figures for the
transimpedance configuration (1 kQ feedback resistor) and the low-impedance front end
(200 Q bias resistor) are 0.5 mW (=3 dBm) and 2.5 mW (+4 dBm). In all cases the satura-
tion level can be substantially improved by using active receiver bias compensation, as
illustrated schematically in Figure 9.20. Hence, as the d.c. voltage at the input to the
amplifier increases with the incident optical power, the control loop applies an equal but
opposite shift in the voltage to the other side of the bias resistor. In this way the voltage at
the input to the preamplifier becomes independent of the detected power level. However,
in practice the feedback voltage in the control loop cannot be unbounded and therefore the



|

hf A~ /N

[l‘ ? » Preamplifier output

<«<—— (Control [<—— Reference

Figure 9.20 Active receiver bias compensation

technique has limitations. Nevertheless, saturation levels for high-impedance front-end
receiver designs may be improved to around 20 uW, or 17 dBm, using this technique.

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 a receiver operating
at a speed of 1 Gbit s™ 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
successful in increasing the receiver dynamic range. In particular the use of optically
coupled feedback has demonstrated dynamic ranges of around 40 dB for p-i-n receivers
operating at modest bit rates [Refs 52, 53].
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ates the thermal noise associated with the feedback resistor in the transimpedance 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
low-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

o Signal output
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p—i—n
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coupled
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V- vt

Figure 9.21 Schematic of optical feedback transimpedence receiver




* It should be noted that in both cases the bottom end of the range refers to p-i-n photodiode
receivers while the top end of the range is only obtained with APD receivers.

Semiconductor Optical
optical bandpass photodiode
amplifier receiver

| Figure 9.22 Block schematic of an SOA preamplified p—i—n photodiode receiver \

transimpedance receiver structure, while also introducing parasitic shunt capacitance
which can cause signal integration and hence restrict the bandwidth of the preamplifier. It
may be observed from Figure 9.21 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.




- performance improvement.

The removal 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 trans-
mission rates of 2 Mbit s™ [Ref. 53]. In addition, as the feedback LED is a low-impedance
device that can be driven with a low output voltage, the problem associated with amplifier
saturation is much reduced. Therefore this factor, combined with the high sensitivity pro-
duced 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 struc-
ture. Nevertheless, it is suggested that the optical feedback receiver component costs Hi

|

can be comparable with resistive feedback designs [Ref. 53] while providing a significant

—




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 54-58]. The two basic optical amplifier technological types, namely the
semiconductor optical amplifier (SOA) 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 SOA device in Fig-
ure 9.22.* The SOA shown in Figure 9.22 operates as a near-traveling-wave amplifier and
therefore the output emissions are predominantly spontaneous, creating a spectral band-
width which is determined by the gain profile of the device. Because the typical spectral
bandwidth is in the range 80 to 120 nm, a bandpass optical filter' 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.

* It should be noted that the corresponding schematic showing a fiber amplifier fulfilling this role is
provided in Figure 10.13(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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Although the sensitivity improvement introduced by the laser preamplifier is a function
of the device internal gain, the coupling losses between the various elements and the band-
width of the bandpass filter, it is typically in the range 10 to 15 dB when using an SOA.
Moreover, it is interesting to observe from the sensitivity against transmission rate charac-
teristics shown in Figure 9.23 [Ref. 56] that the SOA preamplifier p-i~n photodiode
configuration illustrated in Figure 9.22 displays a significant improvement over high-
performance APD receivers, particularly at speeds of 10 Gbit s™ and above. Figure 9.23
displays the sensitivity provided by different optical receiver preamplifier types in relation

to increasing transmission rates up to 100 Gbit s™ [Ref. 56]. It may be observed that the
majority of the optical receivers shown operate at transmission rates from 10 to 40 Gbit s™
[Refs 56-59] and that both the SOA and erbium-doped fiber amplifier (EDFA) are useful
devices to provide for the optical preamplification. Furthermore, the latter device can
attain a receiver sensitivity of —25 dBm with a noise figure value lying between 4 and 5 dB
while enabling a high transmission rate of 40 Gbit s™ [Ref. 56]. The SOA, however, exhibits
a relatively high noise figure in the range 7 to 8 dB, but its small size, wider operating




wavelength range and potential for monolithic integration make it an important device
for optical preamplification (see Section 10.3). For example, an optically preamplified
receiver using a vertical cavity SOA (see Section 10.3.3) operating at a signal wavelength
of 1.55 um exhibited a sensitivity of —28.5 dBm at higher transmission bit rates from 10
to 40 Gbit s'. An output signal power penalty of 4.7 dB was observed, however, when
receiving the higher bit rates in the region from 20 to 40 Gbit s™ [Ref. 59].

Finally, a germanium on silicon-on-insulator (Ge-on-SOI) technology (see Section 11.2)

receiver comprising a p-i-n photodiode paired with a high-gain CMOS amplifier has also
been shown to operate at a transmission rate up to 15 Gbit s™ with a sensitivity of ~7.4 dBm
[Re. 60]. Although the demonstrated sensitivity for this receiver was quite modest, it func-
tioned with a single supply voltage of only 2.4 V benefiting from the integration of the Ge-
on-SOI p-i-n photodiode with the lower power silicon CMOS integrated circuit amplifier.

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 13.6 and the coherent receiver sensitivities are com-
pared both with each other and with direct detection in Section 13.8. However, the specific
preamplifier noise and technological considerations are not repeated as they apply equally
to both detection techniques.




Problems

Briefly discuss the possible sources of noise in optical fiber receivers. Describe in
detail what is meant by quantum noise. Consider this phenomenon with regard to:
(a) digital signaling,

(b) analog transmission,

giving any relevant mathematical formulas.

A silicon photodiode has a responsivity of 0.5 A W' at a wavelength of 0.85 um.
Determine the minimum incident optical power required at the photodiode at this
wavelength in order to maintain a bit-error-rate of 10”7, when utilizing ideal binary
signaling at a rate of 35 Mbit s™".

An analog optical fiber communication system requires an SNR of 40 dB at the
detector with a post-detection bandwidth of 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 digital optical fiber link employing ideal binary signaling at a rate of 50 Mbit s™
operates at a wavelength of 1.3 um. The detector is a germanium photodiode which
has a quantum efficiency of 45% at this wavelength. An alarm is activated at the
receiver when the bit-error-rate drops below 107°. Calculate the theoretical mini-
mum optical power required at the photodiode in order to keep the alarm inact-
ivated. 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 of 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:

(@) the mean photocurrent when the detector is illuminated at a wavelength of
0.8 um with 5 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 to a post-detection bandwidth of
20 MHz;
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9.9

9.10

(b) the rms thermal noise current in the above resistor at a temperature of 25 °C;
(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 pm has a dark current of 500 nA at the operating temperature.
When the incident optical power at this wavelength is 10~ 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.

Discuss the expression for the SNR in an APD receiver given by:

s ME

N

2eB(I, + [)M+ %‘
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?

R ——



A silicon RAPD has a quantum efficiency of 95% at a wavelength of 0.9 um, an
excess avalanche noise factor of M** and a capacitance 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 negligible 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.

Explain the gain-bandwidth product of an APD receiver in relation to the device
multiplication factor. Briefly describe any two APD receivers with high gain-
bandwidth products for operation in the longer wavelength (1.3 to 1.6 um) region.




9.15 A germanium APD (with x = 1.0) operates at a wavelength of 1.35 um where its
responsivity is 0.45 A W~'. 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 107 W and the post-detection band-
width without equalization is 560 MHz.

9.16 The photodiode in Problem 9.15 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 is used in an optical fiber
receiver in parallel with a detector bias resistor of 10 MQ. The effective input resist-
ance of the amplifier is 6 MQ and the total capacitance (detector and amplifier) is
2 pE.

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

Compare the bandwidth and thermal noise implications of these two cases,
assuming an operating temperature of 290 K.




9.18

9.19

A p-i-n photodiode operating at a wavelength of 0.83 um has a quantum efficiency
of 50% and a dark current of 0.5 nA at a temperature of 295 K. The device is un-
biased 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 an 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:

(@) The maximum bandwidth that may be obtained without equalization if the total
capacitance (C;) is 10 pF.

(b) The rms thermal noise current generated in this configuration when it is operat-
ing over the bandwidth obtained in (a) and at a temperature of 290 K. The ther-
mal noise generated by the voltage amplifier may be assumed to be from the
effective input resistance to the device.

(c) Compare the values calculated in (a) and (b) with those obtained when the volt-
age 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.




9.20 What is a PIN-FET hybrid receiver? Discuss in detail its merits and possible draw-
backs in comparison with the APD receiver.

9.21 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 9.12 (a) 14.2 dB; (b) -49.6 dBm
9.3 -37.2dBm 9.15 23.9dB
94 -70.1dBm 9.16 21.9dB
9.6 (a) 2.01 pA; (b) 3.59nA; 9.17 High-impedance front-end: 21.22 kHz,
(c) 55.0dB 4.27 x 107" A* Hz™'; Transimpedance
9.7 (a)994.7 Q: (b) 18.19nA; front-end: 29.47 MHz, 5.93 x 107 A? Hz!
(c) 39.3dB 9.18 -23.1 dBm, equalization is unnecessary
9.8 (a) 1.137 kQ; (b) 19.58 uW 9.19 (a) 159.13 MHz; (b) 160 nA; (c) 79.56
99 40.1dB MHz, 11.3 nA, noise power 23 dB down
9.11 -50.3dBm




