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ABSTRACT 

Optical receiver designs for digital fiber data transmission 
systems operating with Gbit/s data rates in the 800 - 1500 mn 
wavelength region have been investigated. The tradeoffs 
between conflicting receiver design requirements are 
considered in detail. The state-of-the-art performance of 
photo detectors and low-noise amplifiers is discussed. Also, 
present receiver performance data, such as sensitivity, dynamic 
range, bit rate and bit pattern dependencies as a function of the 
bit rate in the 0.01 - 8 Gbit/s data rate range are summarized 
and reviewed. 

INTRODUCTION 

The concept of guided lightwave communication along 
optical fibers has stimulated a major new technology over the 
past two decades. Fiber optic links provide a number of major 
advantages over conventional electronic communication 
systems, such as immunity to electromagnetic interference, and 
low transmission losses at very high data rates. It also makes 
possible thinner and lighter cables and has a strong potential for 
tens-of-kilometer-long repeaterless link capabilities extending 
into the gigahertz region. 

The emergence of optical communication using fibers was 
made possible by the parallel development of low loss fibers, 
heteroJunction lasers, light-emitting diodes (which emit in 
spectral regions of low fiber loss) and sensitive photodetectors. 
The technology of optical fiber communication systems is 
advancing at a very rapid rate. Significant advances have been 
made in the fabrication of low-loss and low dispersion optical 
fibers. Losses of only 0.27 dB/km at 1300 run wavelength have 
been achieved for single mode fibers. Furthermore, the 
development of optical sources and optical receivers, for long 
wavelength applications is also advancing rapidly. Several 
experimental transmission systems capable of operating at a 
8 Gbit/s rate over a distance of 30 km and 4 Gbit/s rate over a 
distance of 117 km have been reported.1-2 Although these 
results were obtained under highly optimized operating 
conditions they do give an indication of future capabilities. At 
present practical high data rate optical transmission systems are 
operating between 90 Mbit/s and 565 Mbit/s. 

The local data communication needs have given a new 
impetus for the development of advanced system components. 
The recent systems for local communication, such as computer 
interconnections and instrumentation for basic and applied 
research, have made necessary a high data rate capability. 
Specifically, instrumentation systems, using wide amplitude 
dynamic range and high spatial resolution charge-coupled 
device image sensors3-:r require an extraordinarily high data 
rate transfer capability. For example in the Superconducting 
Super Collider detector and accelerator systems, hiJlh capacity 
fast fiber links will have a widespread application.6-T 

The optical fiber receiver design requires careful attention 
for data transmission systems having a high-bit-rate capability. 
The receiver performance characteristics, such as sensitivity, 
dynamic range, bit rate transparency, bit pattern independency 
and acquisition time are functions of both the photodetector and 
receiver preamplifier configuration as well as operating bit rate. 
The receiver design for fiber data transmission has been 
addressed in various papers.8-13 Most of these papers have 
dealt with receivers for telecommunication applications. 
Although the tradeoffs between conflicting receiver design 
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requirements, for operation in the 0.01-8 Gbit/s data rate range, 
are limited in our considerations to digital systems, the results 
obtained can be easily modified and applied to optical receiver 
design for analog transmission and sensing applications. 

RECEIVER CHARACTERISTICS AND DESIGN 
CONSIDERATIONS 

A simplified block diagram of a typical digital optical 
receiver is shown in Fig. 1. The input optical signal is detected 
by a photodetector. The photodetector is followed by a 
low-noise preamplifier, an automatic gain control amplifier and 
a shaping filter. The regenerator samples the detected signal 
and regenerates the original data that is being transmitted. The 
shaping filter minimizes of noise and intersymbol interference at 
the regenerator input. The clock pulses required for sampling 
are recovered by the timing extractIOn circuitry which is typically 
phase-locked-loop. The most important components in 
determining receiver performance are the photodetector and 
low-noise preamplifier. 

Photo detector Characteristics 

The most useful photo detectors for optical fiber systems are 
the PIN and avalanche photodiode. The APD is more sensitive 
than the PIN diode because of its internal avalanche gain. For 
the wavelength region around 850 nm photodiodes are 
fabricated from germanium and several III-V compounds. 
(InGaAsP, GaAlAsSb). At present long-wavelength 
transmission systems have achieved better performance with 
III-V compounds APD's than with Ge APD's. Ge APD's have 
relatively higher dark current, unfavorable ratio of ionization 
coefficients and low absorption coefficient compared with III-V 
compounds APD's at these wavelengths. The APD structure 
which has achieved very good performance to date has separate 
absorption and multiplication regions (SAM-APD's). 

The ADP's of this type utilize InP in the multiplication 
region and a lattice-matched epitaxial layer of InGaAs in the 
absorbing region. The SAM APD's were developed to eliminate 
the tunneling component of the dark current in InGaAs APD's. 
In this structure the p-n junction, and thus the high field region, 
is located in InP where tunneling is insignificant and absorption 
occurs in an adjacent layer of InGaAs. To improve the 
frequency response of the SAM APD's single (or more) 
InGaAsP transition layer(s) is interposed between the InP 
multiplication region and the InGaAs absorption region. The 
tranSItion layer(s) grade stepwise bandgap energy between that 
of InP and InGaAs. The net effect of adding the transition 
layer(s), is to reduce the valence band discontinuity which 
results in an elimination of most of the charge accumulation at 
the heterojunction interface. Such structure is called 
SAGM-APD, where G denotes the presence of one or more 
grading layers. 

Because conventional PIN photodiodes and APD's for fiber 
data transmission have been discussed elsewhere U -1b only 
SAGM-APD's will be discussed here in detail. A schematic 
cross section of the InP /InGaAsP /InGaAs SAGM-APD with a 
single grading level is shown in Fig. 2. The thin grading layer of 
InGaAsP was Sn-doped. The top layer, an n- InGaAs absorbing 
region was grown thick (" 71.1 m) in order to keep the edge of the 
depletion region away from the n- type contact. Following 
crystal growth, mesa diode was fabricated by etching. A window 
is open in the substrate metallization to permit back 
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, illumination. Chip was mounted in a low-capacitance ( < 0.1 pF), 
pill package. LIght is essentially absorbed in the depleted 
portIOn of the InGaAs layer. 

The frequency dependance of the avalanche gain of the 
SAGM-APD, which is determined by the RC time constant, the 
transit time of carrier through the space-charge region and 
residua.l charge ~ccumulation at th.e heteroju~ction interfaces, is 
apprOlumately gIven by the followmg expresslOnll-U : 

M~~)", T(W)([ I +(~r}l +(WRC)2][1+(W-Ce Mo)2]}-"2 (1) 

where Mo is dc avalanche gain, w is the radiant frequency, 
T (w) is normalized transit time factor, eh is the emission rate 
for holes trapped at the heterojunction interface, R is the sum of 
APD series resistance and load resistance, C is the diode 
capacitance and <e is the effective transit time through the 
multiplication region. 

The transit time factor T (w) in equation (1) accounts for 
the time required for the primary and secondary carriers to drift 
across the depletion region. Transit time is not a limiting factor 
for the device frequency response for frequencies less than 
10 GHz with total depletion width of 3 ~m. 

The RC time constant of a packa~ed SAGM-APD is 
typically in the range of 6-20 {,s. The mimmum and maximum 
bandwidths associated with thIS parameter is 8 and 26 GHz. 

The hole emission rate, l/eh, is typically smaller than 15 ps 
for devices having single grading level. It is smaller than 5 ps for 
devices with multiple transition layers. Consequently, 
bandwidths of 2 GHz and 5,5 GHz have been achieved with 
SAGM-APD's at dc avalanche gain of Mo = 9 using single 
transition layer and three intermediate-bandgap layers, 
respectively. 

The term w ~Mo in equation (1) originates from the device 
avalanche buildup time. In general, the higher the avalanche 
gain the longer it takes the avalanche process to build up. The 
avalanche build up time and hence the device gain-bandwidth 
product is essentially determined by the ratio of the electron and 
hole ionization coefficients. It was shown previouslyll that a 
higher bandwidth can be achieved the more these coefficients 
differ for a given dc avalanche gain Mo. For the SAGM-APD 
the coefficient values are determined by the bulk crystal 
properties of the multiplication region. However, structural 
modifications, such as use of a low-high doping profile in the 
multiplication region and a reduction of the region width, can 
provide an improvement in the gain-bandwidth product. 
Recently, it has been shown 5 that in an experimental 
back-illuminated mesa structure the gain-bandwidth product 
was increased from 18 to 70 GHz by reducing the multiplication 
layer thickness from 1.5 ~m to less than 0.5 Ilffi. Consequently, 
by optimizing appropriately the device parameters, 
SAGM-APD's can achieve the high bandwidths required for 
multigigabit optical receivers. 

The state-of-the art performance of three representative 
photo detectors for long wavelengths (1000 - 1600 nm) optical 
fiber data transmission systems are summarized in Table I. 
They include InGaAs APD, InGaAs PIN and 
InP /InGaAsP /InGaAs SAGM-APD. Also characteristics of a 
Si APD for 800-900 nm wavelength region are presented for 
comparison. It can be seen that the optical performance is 
comparable for InGaAs APD and PIN photodetectors. They 
have a quantum efficiency of approximately 80%, response time 
of 100 ps and a diode capacitance smaller than I pF. The 
SAGM-APD device with optimized parameters exhibits 
excellent performance, such as dark current of 2-50 nA, 
ionization ratio of 0.35, and avalanche gain-bandwidth product 
of70 GHz. 
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Digital Receiver Sensitivity 

In analyzing the sensitivity of optical digital receivers 
employing PIN or avalanche photodetectors the noise spectrum 
is assumed to be Gaussian. 

As receiver bandwidth is increased to accommodate higher 
transmission bit rates its sensitivity decreases mostly because the 
preamplifier noise increases rapidly with bit rate. The receiver 
sensitivity is defined as the minimum optical power level 
required at the receiver input so that it will operate reliably with 
a bit error rate less than a desired value. In this case it is given 
as the average optical power P required for a bit error rate, 
(BER), of 10-9. 

Bit error rate is defined as the ratio of bits incorrectly 
identified to the total number of bits transmitted. The receiver 
sensitivity is also often specified in terms of the average optical 
power T] Pwhich is detected by the photodetector, where nis the 
quantum efficiency of the photodetector. Until recently, PIN 
photodiodes fabricated from InGaAsP alloys grown epitaxially 
on high quality InP substrates were regarded, as most suitable 
for use in the low-noise optical receivers of long wavelength 
communication systems. However, recently, at high bit rates, 
reverse biased, avalanche photodiodes exhibit high-speed 
response in the absence of large dark currents. In this section 
the source of noise in receivers employing PIN and avalanche 
photodetectors will be discussed and their sensitivities 
compared. 

Depending on their configuration, preamplifiers for optical 
receiver are classified into two types: high impedance and 
transimpedance designs, Fig. 3. The high impedance 
preamplifiers offer the lowest noise level and hence the highest 
detectIon sensitivity. However, the frequency response is 
limited by the RC time constant at the input making necessary 
an equalIzer following the preamplifier to extend the receiver 
bandwidth. Furthermore, this design has a limited dynamic 
range due to the high-input load resistance. The 
transimpedance amplifiers have a large dynamic range and 
bandwidth due to their negative feedback. However, because of 
the thermal noise of the feedback resistor the preamplifier noise 
level is higher and sensitivity is lower than that of a 
high-impedance design. 

The following sections discuss the noise characteristics of 
preamplifiers using bipolar junction transistor and FET and the 
sensitivity that can be achieved with PIN and ADP detectors. 

The receiver sensitivity in terms of average detected optical 
power prequired at the receiver input for a desired bit error rate 
with a PIN photodiode used as the signal source, is given by 

P- QhC( .2 )1/2 
T] = - <I > eh n 

(2) 

where n is the. quantum efficiency of photodiode, h is the 
Planck's constant, c is the velocity of light, e is the electron 
charge, "- is the wavelength and Q is a parameter determining 
error rate in digital systems. The term < in > represents the 
input equivalent rms noise current of the preamplifier. The 
parameter Q. relates to the desired bit error rate BER by the 
following expression: 

BER (3) 

D- So 1 Q= . 
a 0.1 

(4) 

.. 
• 



Here SI(SO) is the expected value of signal associated with 
a mark (space), a1 (ao) is its variance and D is the decision level 
set by the optical receiver. The bit error rate as a function of Q 
is sBown in Fig. 5. It is seen from this figure that for a BER = 
10- the value of parameter Q = 6. 

For microwave bipolar junction transistor preamplifier the 
principal noise·sources are shot noise from the base-spreading 
resistance fbb and thermal noise from the load or feedback 
resistor. At the optimum bias current the rms input noise 
current is approximately given by8-1O 

4kT (A A )1/2 
<i~>;;R,A2B+8nkTCo T B2+ (5) 

+4(2n)2 A 3[eaC,V T 2+kTr"C~sf]B3 

where B is the operating bit rate, k is the Boltzmann's constant, 
T is the absolute temperature, Rf is the feedback resistance in 
tra~simpedance design or load ~esis.tance in .high imp.edance 
desIgn, A2 and A3 are the weIghtmg functIOns8 whIch are 
dependent only on the input optical pulse shape to the receiver 
and the equalized output pulse shape. For the rectangular 
non-return-to-zero (NRZ) coding format and equalized output 
pulse with a full raised cosine spectrum A2 = 0.562 and A3 = 
0.0868. For the return-to-zero (RZ) coding format with 50% 
duty cycle A2 = 00403 and A3 = 0.0361. Other terms in equation 
(5) are: 13 is the transistor current gain, e is the electron charge, 
0.= 'tF/VT ('tis the forward transit time, VT = kT/e), Co is the 
total input ca.,eacitance under zero bias current conditions, Cd.sf 
= Cds + Cf (Cds is the photodetector and stray capacitance, Cf 
is the feedback capacitance). Microwave silIcon bipolar 
transistors typically have a. = 0.6 - 0.8 pF /mA and 13 = 100. 

For the high-impedance preamplifier design the first noise 
term, that is due to the load resistance, can be neglected. Thus, 
the input equivalent noise power varies as the square of the 
o§erating bit rate until at very high rates the last term involving 
B become domin~nt. In 1his case the noise power varies with 
bit rate between Band B . 

For transimpedance preamplifier desisn, the feedback 
resistor should be reduced as the operating bIt rate increases in 
order to accommodate the wider bandwidth requirement. In 
general, the reduction in feedback resistance Rf is in inverse 
proportion to the bit rate increase. In this case the input noise 
power varies as the square of the bit rate until B3 dependence 
becomes dominant. For FET preamplifier the princIpal noise 
sources are Johnson noise associated with the FET channel 
conductance, Johnson noise from the load or feedback resistor, 
shot .noise ar!sing from &ate leak~ge curre!?t and V-f 80ise. The 
rms mput nOIse current IS approxImately gIven by -1 

(6) 

where B is the operating bit rate, Af is the weighting function 
(for NRZ coding format Af = 0.184 while for RZ coding format 
with 50% duty cycle Af = 0.0984), IL is the total leakage current 
(FET gate current and dark current of photodiode), gm is the 
FET transconductance, r is a noise factor associated with 
channel thermal noise and gate induced noise in the FET ( r = 
0.7 -1.0 for Si FET's and r= 1.1-1.8 for GaAs MESFET), CT is 
the total input capacitance consisting of photodiode and stray 
capacitance and fc is the l/f corner frequency of the FET. 
Definition of other terms is the same as for equation (5). 

A close inspection of expression (6) shows that the noise can 
be minimized by making the feedback or load resistance Rf as 
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large as possible. However, there is tradeoff between the 
receiver sensitivity and dynamic range in the choice of Rf, since 
the maximum signal level which can be processed by the receiver 
without saturation decreases as Rf becomes larger. 
Consequently, the receiver can be designed with lower than 
optimum values of Rf from the noise standpoint in order to 
provide wider dynamic range. 

It can be also seen from (6) that the total leakage current I, 
consisting of FET gate current and the photodiode dark current 
should be as small as possible. It is also desirable to choose an 
FET with low gate leakage current, low input capacitance, high 
transconductance and low l/f noise corner frequency. For a 
high-impedance FET preamplifier design the noise power at 
high bit rates is dominated by the thermal channel noise. In this 
case the noise power varies with the third power of the bit rate. 
Furthermore, noise power is proportional to the total input 
capacitance. Consequently, a decrease of this capacitance by 
hybrid or integrated circuit fabrication significantly improves 
low-noise performance. 

The receiver sensitivity in terms of average detected optical 
power P required at the receiver input for a desired bit error rate 
where an avalanche photodiode is used as the signal source is 
approximately given by 

- hC[ «i2
> )1/2J 11 P =' Q e A. Q e F (M ) A 2 B + M

n 
2 + 2 e I am F (M ) A 2 B (7) 

where B is the operating bit rate, F(M) is the avalanche excess 
noise factor defined by 

F(M)=kM+(l-k)(2-l/M) (8) 

where k is the ratio of the ionization constant of holes and 
electrons in the photo diode (k 51), and M is the avalanche gain. 
The term Idm in equation (7) is the primary component of the 
APD dark current which undergoes multiplication process. 

Other terms in equation (7) are the same as 'previously 
defined for the expreSSIOns (5) and (6). . 

From above given expressions the equivalent input noise 
power can be calculated as a function of the operating bit rate. 
The calculated values assumin~ the NRZ codins format are 
shown in Fig. 6 for the followmg three preamplIfier designs: 
microwave Si bipolar junction transistor transimpedance and 
high impedance preamplifier, and GaAs FET high impedance 
preamplifier. FET transimpedance design is not presented 
because its performance IS essentially the same as the' 
transimpedance Si bipolar transistor preamplifier design. The 
typical transistor parameter used for these calculations were: 
Cds = 0.5 pF, Idn = 1 nA, IdI1) = InA (for InGaAs APD), Idm 
= 1 pA (for Si APD), k = 0.3 ~for InGaAs APD), k = 0.03 (for 
Si APD), 13 = 100, Co = 1.5 pF, a. = 0.6 pF /mA, fbb = 200, gm 
= 15 mS, ~s = 0.2 pF, Ig = 1 nA, fc = 30 MHz, Cdsf = 0.5 pF, 
Rf X B = 750 k.OX Mbit/s (for transimpedance amplifier), and 
IL = 2nA. 

It can be seen from Fig. 6 that the FET high impedance 
preamplifier provides the lowest noise level. In general, the 
advantage of the FET high impedance design over the bipolar 
transistor high impedance and transimpedance designs is 
reduced as the operating bit rate increases. As a matter of fact 
the FET noise power increases at a faster rate than the bipolar 
transistor noise power with an increase of the operating bit rate. 
Thus above 5 Gbit/s the bipolar transistor applIcation can result 
in a smaller noise power level. The exact crossover point is 
dependent on particular characteristics of the photodiode and 
receiver preamplifier components. 

Also included in Fig. 6 are calculated values of the optical 
receiver sensitivity for three preamplifier designs using InGaAs 



avalanche photodiode considered previously and PIN 
photodiode-FET preamplifier. It can be seen from the figure 
that if PIN photo diode is used, a low-noise FET preamplifier is 
necessary to achieve high sensitivity. Furthermore, it can be 
seen that InGaAs APD's offer receiver sensitivity which is 
approximately 5-10 db better than PIN FET receivers at high 
operating bit rates. 

Germanium avalanche photo diodes can be also used in 
receiver designs. The sensitivity of a Ge APD receiver is more 
dependent on temperature because of dominant noise effect of 
their dark current. Furthermore, Ge APD receiver sensitivity is 
for 5-10 dB lower than that of a receiver of the same design using 
InGaAsAPD. 

The dependence of the receiver sensitivity on the 
preamplifier noise current can be determined from expressions 
(5), (6) and (7). For PIN; photo diodes the receiver sensitivity is 
proportional to <in> 1 2. For InGaAs APD with value of k 
;;;0.3 and negligible dark current the receiver sensitivity is 
approximately proportional to < in > 1/4. Also from the same 
expressions the optimum avalanche gain can be calculated as a 
function of bit rate for various photo detector and preamplifier 
designs. In general, the ol?timum avalanche gain is such that the 
photodetector shot noise IS comparable to receiver preamplifier 
noise. Thus the optimum avalanche gain is higher for a 
photodetector having lower dark current and lower excess noise. 
Similarly, optimum gain is lower for a preamplifier having lower 
noise level. Typically, the optimum avalanche gain values are 
from 10 to 35 for InGaAs APD. For the SAGM APD's, having 
k = 0.35, the optimum gain is approximately 12 at a bit rate of 
5 Gbit/s. 

At very high bit rates, the limiting gain-bandwidth product, 
fGB, of an avalanche photodiode can prevent operation at the 
optimum gain causing a decrease of the receiver sensitivity. 
Using equation (7) calculations have been made for a 1300 nm 
APD with k = 0.35 and fGB values of 20 and 50 GHz assuming 
negligible intersymbol interference and preamplifier with GaAs 
FET having fT = 20 GHz, Cd = 0.5 pF and IGATE = 100 nA. 
Calculations have shown that at 5 Gbit/s data rate the sensitivity 
decrease is 1 and 4 dB for photodiode with fGB = 50 GHz and 
20 GHz, respectively. 

The dark current of a photodetector degrades the receiver 
sensitivity, as shown in Fig. 5, depending upon the operating bit 
rate. Our studies have shown that for a PIN FET preamplifier, 
havin~ a photodetector dark current of 10 nA, the receiver 
sensitivity will be reduced by 0.5 and 0.1 dB from values given in 
Fig. 5 for bit rates of 10 Mbit/s and 100 Mbit/s, respectively. 
For an InGaAs ADP's with k = 0.3 and dark current of 6 nA the 
receiver sensitivity will be reduced by 0.5 dB at 1 Gbit/s. 

Similarly, the optical receiver sensitivity is reduced from 
characteristics shown in Fig. 5 if receiver operates over a wide 
range of bit rates. This is caused by the bit rate dependancy of 
the receiver preamplifier, the shaping filter and the timing 
recovery circuitry. In general, the design of these components is 
optimized at a given bit rate for the best receiver performance. 
Detailed studies have shown that typically for two to one data 
rate dynamic range, the receiver sensitivity is decreased from 3 
to 4.5 dB and from 1.5 to 2.2 dB for PIN photodiode and 
InGaAs APD receiver, respectively. Therefore to accommodate 
widely different bit rates some component changes are 
necessary to keep the highest receiver sensitivity .• Similar 
considerations for decrease of the receiver sensitivity can be 
applied in a case when receiver operates with different digital 
data coding formats. 

Receiver Dynamic Ran2e Considerations 

As the received optical power level increases from the 
minimum detectable value (receiver sensitivity) the receiver bit 
error rate decreases because of higher signal-to-noise ratio of 
the preamplifier input signal. Improved Rerformance continues 
until overloading occurs at the preamplifier. At this point the 
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received signal waveform becomes distorted and the bit error 
rate starts to increase due to intersymbol interference. The 
maximum allowable optical power at the receiver input is 
defined as a level where the bit error rate becomes larger than 
the desired value. (In our case larger than BER = 10-:1). 

The dynamic range is a function of the load resistor, or the 
feedback resistor, of the receiver preamplifier (depending upon 
the preamplifier design). As the load or feedback resistor 
decreases the maximum allowable received optical power 
increases, thus increasing the dynamic range. However, a 
reduction in load or feedback resistance results in an increase of 
the amplifier noise level, (equations 5 and 6). Consequently, 
there is a trade-off between the high receiver sensitivity and 
wide dynamic range. The typical dynamic range of a high 
impedance FET preamplifier and a trans impedance bipolar 
transistor design is shown in Fig. 6. It can be seen that a high 
impedance PIN FET preamplifier has typically an optical 
dynamic range of 15-20 dB. If an APD is used the dynamic range 
can be increased from 5 to 15 dB by incorporating the avalanche 
gain in the AGC feedback loop. Furthermore, it can be seen 
from Fig. 6 that the receiver dynamic range can be increased to 
30-40 dB range when a transimpedance preamplifier design is 
used. However, it can be seen in this case from Fig. 5 that the 
receiver sensitivity will be decreased. 

CONCLUSIONS 

Very hi~h speed avalanche photodiodes and high-sensitivity 
optical receivers will have considerable impact on future Gbit/s 
data transmission systems. Results of experimental receiver 
sensitivities as reported in literature for bit rates up to 8 Gbit/s 
are summarized in Table 2. In general, the receiver sensitivities 
are still approximately 20 dB above the quantum limit due to the 
lack of low noise long-wavelength APD's and imperfections of 
the receiver electronic circuitry. The highest experimental 
sensitivities have been obtained with InGaAs APD's and high 
impedance GaAs FET preamplifiers. These best results are still 
lower than theoretical sensitivities, calculated from equations 
(5), (6) and (7) for an APD receivers with ionization ratios of k 
= 0.35, by 3dB at 1 Gbit/s and 8 dB at 8 Gbit/s. The larger 
difference at the higher bit rate reflects both the limited APD 
gain-bandwidth product and greater difficulties achieving ideal 
operation of the electronic circuitry at very high bit rates. 
Electronic components and subassemblies for bit rates near 1 
Gbit/s, such as preamplifiers, decision circuits, multiplexers, 
and demultiplexers have very good performance. However the 
same components at 4 and 8 Gbit/s are still in the experimental 
stage and they will require considerable development before the 
performance obtained at lower data rates. Limited capabilities 
of 8 Gbit/s electronics components and circuitry causes inter. 
symbol interference and imperfect receiver equalization. 

The 420 Mbit/s and 1 Gbit/s receivers have demonstrated 
sensitivity of -46.2 dBm and -42.1 dB, respectively.ll These 
receivers employed APD with 18 GHz gain-bandwidth product, 
dark currents Idm = 2 nA and quantum efficiencies 11 = 95%. 
The receivers used high value of load resistors in order to 
maximize the sensitivity. Results obtained are within 4-6 dB of 
the best results obtained for the receiver sensitivity employing Si 
APD's. 

The measured sensitivity of the 2 and 4 Gbit/s receivers 
were -36.6 and -31.2 dBm, respectively. These receivers used 
SAGM-APD with a gain-bandwidth product of 18 GHz, on 
ionization ratio k = 0.35, a dark current Idm = 52 nA and a 
quantum efficiency 11 = 71%. The preamplifier employed high 
impedance GaAs FET. 

The 8 Gbit/s receiver with -25.8 dBm sensitivity employed a 
SAGM-APD with a gain bandwidth product of 60 GHz, and a 
high impedance GaAs preamplifier. The SAGM-APD 
parameters were: ionization ratio k = 0.35, dark current Idm = 
52 nA and quantum efficiency 11 = 62%. 
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Table 1. Typical Characteristics of Photodetectors for Optical Receiver 

SiAPDa InGaAsAPDb .lnGaAs PINb SAGM-APDb 

Quantum efficiency (%) 80 80 80 75-95 

Capacitance (pF) 1 0.5 0.5 0.1-0.2 

Dark current Ids (nA) 1 1-5 1-5 

Dark current Idm (nA) 0.001 1-5 2-50 

Ionization ratio 0.02-0.03 0.3-0.5 0.35 

a 800-900 nm wavelength range) b 1000-1500 nm wavelength range. 
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Table 2. State-of-the Art Optical Receiver Sensitivities 

Bit Rate Wavelength Sensitivitya Detector Amplifierb 

(Mbit/s) (nm) (dBm) 

400 1300 -40.2c GeAPD Si Bipolar-LZ 

420 1510 -46.2d InGaAsAPD GaAs FET-HZ 

565 1540 -42.9c InGaAsAPD GaAsFET-TZ 

1000 1510 -42.1d GaAsAPD GaAsFET-HZ 

1200 1540 -40.0c InGaAsAPD GaAsFET-HZ 

2000 1510 -36.6d InGaAsAPDe GaAs FET-HZ 

2000 1540 -37.4c InGaAsAPD GaAsFET-HZ 

4000 1300 -29.1c InGaAsAPD GaAsFET-TZ 

4000 1510 -31.2d InGaAsAPDe GaAsFET-HZ 

SOOO 1300 -15.5d InGaAsAPD GaAsFET-LZ 

SOOO 1300 -25.Sd InGaAsAPDe GaAsFET-HZ 

a For 10-9 bit error rate. 

b HZ-high impedance, TZ-transimpedance, LZ-low impedance. 

c Return-to-zero (RZ) digital coding format. 

d Non-return-to-zero (NRZ) coding format. 
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Fig. 1. Simplified block diagram of a typical digital optical receiver. 
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Fig. 2. Schematic Cross Section of an InP /InGaAsP /InGaAs 
SAGM-APD. 
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Fig. 3. (a) High impedance and (b) transimpedance designs of 
optical receiver preamplifier. 
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