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CHARACTERIZATION AND MEASUREMENT 
OF NOISE IN OPTICAL RECEIVERS 

by 

Thanh Van Nguyen 

ABSTRACT 

An analysis of noise in optical receivers is presented. 

The equivalent input current noise of a p-i-n FET receiver 

and a p-i-n BJT receiver are theoretically derived. From 

theory, the equivalent input current noise of a receiver can 

be expressed as a frequency-dependent polynomial which has 

coefficients determined by circuit parameters. The 

characterization of all noise sources is therefore possible 

by measuring the input noise spectral density. The 

measurement is done by using a desk-top computer to control 

an automatic spectrum analyzer, a synthesized signal 

generator and an analog laser transmitter to measure the 

transimpedance spectrum and the output voltage noise 

spectrum of the receiver under examination. The equivalent 

input current noise spectral density is then obtained by 

dividing the output noise voltage spectrum by the 

transimpedance spectrum. Good agreement is found between 

the measured noise and the noise predicted on the basis of 

the respective circuit models. By integrating the 

equivalent input noise spectral density of the receiver, the 

mean square value of the equivalent total input current 

noise is determined. The sensitivity of the receiver as a 
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function of digital transmission bit rate predicted from 

both theoretical values and measured values of noise 

compares favorably with actual measured sensitivities. 

For example, in the case of the p-i-n FET receiver, 

theory predicts that the minimum detected optical power to 

achieve one error per billion bits of digital transmission 

at the baud rate of 45 Mb/s is -50.6 dBm. This agrees with 

the result expected if based upon input noise measurement 

(i.e., -50.4 dBm). However, actual digital transmission 

measurement with a non-ideal system filter gives -49.3 

dBm. [ll] For the p-i-n BJT receiver, at the baud rate of 300 

Mb/s, the three values are -37.0 dBm, and -36.8 dBm, and 

-36.5 dBm,[lO] respectively. 
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CHARACTERIZATION AND MEASUREMENT 
OF NOISE IN OPTICAL RECEIVERS 

by 

Thanh Van Nguyen 

SECTION 1. INTRODUCTION 

Since glass fibers with zero dispersion and minimal 

absorption at a wave-length of about 1.3~m have become 

available, this wave-length region has attracted growing 

interest. The goal of a communication system designer is to 

create as powerful as possible a transmitter and as 

sensitive as possible a receiver which operate at this 

wave-length. This maximizes the repeater spacing and thus 

minimizes the transmission cost. Of course, the reliability 

issue is also a main concern. 

In the design of an optical receiver, the most 

fundamental limitation of the receiver performance is noise. 

Noise is the spontaneous fluctuation of current and voltage 

intrinsic to electronic circuits. (We will not discuss the 

extrinsic noise caused· by electro-magnetic interference.} 

For the semiconductor optical receiver, there are four main 

noise sources: 

i. Quantum noise resulting from the randomness associated 

with the generation of electron-hole pairs exited by 

the incident optical radiation. 
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ii. Flicker noise (or 1/f noise) resulting from the slow 

fluctuations in conductivity of the semiconductor 

material. (This type of noise is usually treated as 

part of the total semiconductor device noise; e.g., 

see eq. 7, below.) 

iii. Shot noise resulting from the random crossing of a 

junction (potential barrier) by electrical carriers 

(electrons or holes), 

iv. Johnson (or thermal) noise resulting from the random 

thermal motion of the current carriers. 

In order to create as sensitive as possible a receiver, 

all the above listed noise sources with the exception of 

quantum noise, which is fundamental in nature, should be 

minimized by choosing the optimum circuit parameters. 

For receivers which operate at 1.3~rn wave-length, the 

most popular circuit configuration is a p-i-n photo-detector 

coupled to a low noise transimpedance pre-amplifier which 

has either a micro-wave Field Effect Transistor (FET) or a 

micro-wave Bipolar Junction Transistor (BJT) at its front

end amplifier. The reason behind this configuration is the 

lack of high quality 1.3~m Avalanche Photo Diodes (APDs), 

which can otherwise provide the immediate conversion gain of 

light power into electrical current prior to transistor 

amplification. Also, the transimpedance pre-amplifier i~ 
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chosen because it has a wider operating bandwidth and a 

larger dynamic range than its counterpart, the high 

impedance (or shunt impedance) amplifier. Micro-wave 

transistors which inherit high figure of merit (gm/C) are 

chosen for low noise and good performance at high frequency. 

A FET front-end is typically used for low operating 

bandwidth where its noise contribution is proven to be less 

than that of a BJT front-end. [2] Due to superior reliability 

and well-known technology, most of the present applications 

at transmission rates greater than 90 Mb/s employ a BJT 

front-end amplifier. 

In this paper, the equivalent input current noise of 

two specific receivers will be theoretically derived and 

practically measured. The results are used to generate 

accurate noise models for the receivers under examination. 

SECTION 2. THEORETICAL NOISE MODELS 

As was previously mentioned, the ultimate performance 

of a communication system is usually set by noise present at 

the input of the receiver. Noise degrades the signal and 

impairs the system performance. In an optical receiver, the 

essential sources of noise are associated with the detection 

and amplification processes. Understanding the origin, 

characteristics and interplay of the various noise sources 

is essential to the design and evaluation of any optical 

communication system. 
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2.1 - Optical Detection Techniques 

The relative importance of various noise sources in 

receivers depends very much on the method of demodulation. 

The two basic methods of demodulating an optical signal 

are: [G) 

1. Direct detection in which the output signal of the 

receiver is a linear function of the incident optical 

power. 

2. Heterodyne detection in which the incoming optical 

signal is mixed with a coherent local oscillator to 

produce a difference frequency from which information 

is extracted. 

Heterodyne detection which is applicable only to single 

mode transmission, does not appear to be practical for fiber 

systems at present, because stable single-frequency lasers 

are required for both carrier generators and local 

oscillators. Direct detection, however, is simple to 

implement, the incoming optical signal can be either 

incoherent or coherent, and the performance of the receiver 

is independent of the polarization state or the modal 

content of the optical signal. Therefore, direct detection 

is the presently preferred method of detection for optical 

fiber communication systems. 
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2.2 - Noise Sources in Direct Detection Technique 

In figure 1, the various noise sources associated with 

the detection and amplification processes in an optical 

receiver employing the direct detection technique are shown. 

The background radiation noise, which is important in an 

atmospheric propagation system, is negligible in a fiber 

system. The beat noise generated in the detector from the 

various spectral components of an incoherent carrier such as 

that from a Light Emitting Diode (LED), is negligible when a 

laser source is used. 

Any photo detector has shot noise contribution from the 

dark current and the leakage current. Also, there is a 

contribution of the quantum noise which results from the 

average photo-current. These noise contributions have the 

same mathematical expression and are characterized by 

Poisson stati~tics.[lJ] The dark current noise and the 

leakage current noise can be reduced by careful design and 

fabrication of the detector.C 14 1 The quantum noise, on the 

other hand, is fundamental in nature and sets the ultimate 

limit in the receiver sensitivity. [l, 21 

Amplifier noise is the combination ·of thermal noise and 

shot noise in receivers utilizing a BJT front-end (e.g., eq. 

4, 8 and 9), or the combination of thermal noise, coupling 

noise, channel noise and flicker noise in receivers 

utilizing a FET front-end (e.g., eq. 4, 6 and 7). Amplifier 
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noise can be minimized by choosing the optimal circuit 

parameters.[ 21 

2.3 - Typical Receiver N~ise Modelling 

To study these noise sources in detail, two specific 

receiver configurations are chosen. One is the 1.3~m p-i-n 

FET optical receiver which was reported by Ogawa in 1979,[ 8 1 

the other is the 1.3~m p-i-n BJT optical receiver which is 

under development for high bit rate transmission systems 

within the Bell Laboratories. Fig. 2 and Fig. 3 show the 

receiver circuit diagrams and Fig. 4 and Fig. 5 show the 

theoretical noise models for these receivers which were 

constructed in the same format as described in Ref. 4. 

In these figures, the p-i-n diode is modelled as a 

signal photo-current generator, iph' in parallel with the 

diode capacitance, Cd, and the associated noise current 

generators which are the dark-plus-leakage current noise 

source, idn' and the quantum noise source, iqu· The 

feedback resistor+, RF, is presented as a noiseless resistor 

RF in parallel with its thermal noise source, iF, and a 

capacitor CF which accounts for the stray capacitance across 

RF. The input parasitic capacitance of the amplifier is 

t The name implies a physical resistor which connects the 
output to the input of an amplifier to create a feedback 
effect. 
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represented by Cp. Finally, the front-end transistor is 

modelled by employing the standard hybrid-rr model[ 4] as 

shown in Fig. 6 and the subsequent amplification stages are 

approximated as noiseless amplifiers. This approximation is 

valid when the first amplification stage (provided by the 

front-end transistor} is sufficiently large, as more 

detailed analyses have proven. [l, 2
r

3
r

4 l We will see that 

this leads to a convenient simplification of the derivation 

of the receiver equivalent input noise which is presented in 

Section 2.8. 

2.4 - Optical Receiver Operation 

The operation of a typical receiver can be explained by 

the use of Fig. 4 or Fig. 5. The p-i-n detected average 

signal current, Iph' is related to the average incident 

optical power, P, through the quantum efficiency, ~, as: 

Ampere (1} 

where q is the electronic charge, h is Planck's constant and 

V is the frequency of the incident optical radiation. 

This photo-current and the detector noise current flow 

into the input of the amplifier where they are increased by 

the addition of the amplifier equivalent input noise 

current. Then, the total current is transformed into an 

output voltage by the transimpedance gain of the receiver. 

Here, this voltage is further processed depending on the 
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particular application. 

2.5 - Detector Noise 

As was previously mentioned, detector noise is the 

summation of shot noise and quantum noise. The spectral 

density of the quantum noise, can be written as: [2 ] 

d <.2 > 
lqu 
df = 2qiph 

I 

A2/Hz (2) 

where Iph is defined as before and f is the frequency of 

measurement. Note that this noise term depends upon the 

signal level and the averaging time is assumed short 

compared to the signal rate. 

The shot noise contribution if given by: 

d <.2 > 1 dn 
df = 2qi dn ( 3) 

where Idn is the average value of the dark current plus the 

leakage current. 

2.6 - Resistor Noise 

Any amplifier has an input loading resistor and/or a 

feedback resistor and several biasing resistors which are 

the sources of thermal noise. The thermal noise current 

generator of a resistor, iR' is given by: 
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d<i~> _ 4kT 
df - ~ 

where k is Boltzmann's constant and T is the absolute 

( 4) 

temperature. Note that, by employing Thevenin's theorem Eq. 

4 can be rewritten as: 

2 d<eR> 
df = 4kTR v2;Hz , 

where eR is the thermal noise voltage generator of the 

resistor R. 

Within this paper, eq. 4 and eq. 5 are used to 

(5) 

represent the thermal noise generators iF' i 0 , ic and ebb' 

of the various resistors RF, R0 , Rc and rbb'' respectively. 

2.7 -Transistor Noise 

The standard hybrid-rr noise model is commonly used to 

model transistors which are employed in optical 

receivers. [3 , 4
r

5
r
17 l This noise model is shown in Fig. 6 

where either a FET or a BJT can be represented by filling in 

the appropriate circuit elements.£ 41 

2.7.1- Field Effect Transistor Noise Model 

For the FET case, the input noise current generator, 

iin' is the combination of the gate shot noise, 2qlgt'[l3 ] 

and the frequency dependent gate coupling noise, 

4kTI(2rrfCT) 2;gm' [l7 l i.e., 
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d .2 <1. > 1n 
df A2/Hz (6) 

The output noise current generator, iout' is the combination 

of the channel thermal noise, 4kTgmP' [l71 and the flicker 

noise, 4kTgmrfc/f, [l 3 1 i.e, 

d<~~ut> = 4kTgmP[l + ~!c] ( 7) 

In these two equations, j and P are factors depending on 

various FET parameters and the gate bias,[lB] CT is the 

effective input capacitance, gm is the transconductance, Igt 

is the average gate leakage current and fc is the corner 

frequency at which the flicker noise is equal to the channel 

noise. 

2.7.2 -Bipolar Junction Transistor Noise Model 

. For the BJT case, iin and iout denote the base and 

collector shot noise current generators, respectively, [l 31 

i.e., 

= 2qi c 

A2/Hz (8) 

{9) 

where IB and Ic are the average base and collector currents, 

respectively. 

Note that the thermal noise contribution to the current 

noise generator iin is not listed here. This noise 
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contribution results from the base spreading resistance 

rbb'. Reader is referred to section 2.8.3 where the 

derivation of this current noise contribution is given. 

2.8 - Receiver Equivalent Input Noise 

In theory the total equivalent input noise current of 

any receiver can be expressed in the form of a frequency-

dependent polynominal. In this paper, the total equivalent 

input noise current of the typical receivers is assumed to 

be completely generated by the first amplification stage 

provided by the front-end transistor. This noise current is 

obtained by summing the total noise current generated at the 

. f h . . 2 1nput o t e rece1ver, <lin>total' and the total noise 

current generated at the output of the first amplification 

t ·2 h . f h s age, <lout>total' transformed to t e 1nput o t e 

receiver. The transformation is made by dividing the total 

noise generated at the output, <i~ut>total' by the current 

gain, Ai(f), of the front end transistor, i.e., 

d .2 > 
<leq 
df = 

d .2 > 
<1in total 

df + 

d .2 > 
<lout total 

df 
I 

where Ai(f) can be derived by inspection of Fig. 6: 

Iout<f) 
Ai (f) = I . (f) 

1n 
= 

(10) 

(11) 

For a good transistor, the product gmz 2 is much greater than 
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unity over the entire bandwidth of interest. Then Ai(f) is 

reduced to: 

Ai (f) = -gm [z:!:~] ~ -gm <•1/ /Z2) • ( 12) 

Note that, the method of obtaining the above equivalent 

input noise current, <i~q>' implies two assumptions: 

1. As mentioned in Section 2.3, all noise sources beyond 

the first amplification stage can be considered as 

negligible • 

. 2. All noise sources are uncorrelated. [l, 2 , 4 l This 

assumption is valid by virtue of the following 

reasons: 

a. Noise which originates from different sources is 

uncorrelated,£ 13 1 e.g., no correlation between 

the detector shot noise and the front-end 

transistor shot noise. 

b. In case of the BJT, there is no correlation 

between the base shot noise and the collector 

shot noise. [ 13 l 

c. In case of the GaAs FET the correlation of the 

channel noise and the induced gate noise can be 

incorporated into the excess channel noise 

factor r as: [l?] 
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r = P + R(Cgs/CT) 2-2Q(Cgs/CT) , (13) 

where P, R and CT have been defined earlier. Cgs is the 

gate to source capacitance. Q is another factor depending 

on various FET parameters and the gate bias. [lB] For the 

particular FET in use P=l.24, R=0.30 an Q=-0.42.[ 17 1 

2.8.1 - p-i-n FET Receiver Equivalent Input Noise 

By inspection of Fig. 4 and the use of Eq. 10, the 

total equivalent input current noise of the p-i-n FET 

receiver can be written as: 

d .2 > 
<~eq p-i-nFET = 

df 

+ a%[<i~ut>FET+<i~>] 
I Ai (f) I ;ET 

(14) 

where i 0 is the thermal noise current of the drain resistor 

R0 , and Ai(f) is the current gain of the FET, which can be 

derived by inspection of Fig. 4 and the use of eq. 12: 

Ai(f)FET = l+j2wfRFCT ' 

CT=Cd+CF+Cp+Cgs+Cgd , 

where Cgd is the gate to drain capacitance. 

(15) 

Substituting Eq. 2, 3, 4, 6, 7 and 15 into Eq. 11, the 

total equivalent input current noise spectral density of the 

p-i-n FET receiver is of the form: 
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d<'2 > 1
eq p-i-nFET = af-1 + bfo + cfl + df2 

df (16) 

where a, b, c and d are the current noise coefficients and 

their values are: 

a = 4kTjfc/gmR~ , 

b = 2q (Iph+Idn +Igtl +4kT [~+ [g)pf [R~+gmP]] 
c = 16w

2
kTjfcc;/gm , 

d = 16kT [::Tr [R~ + 2gmr] 
From the above equation, the mean square equivalent input 

current noise of the p-i-n FET receiver can be evaluated as: 

d .2 
00 <1 > . 

<i2 > . = I' W(f) eq a~1-nFET df. (17) 
eq p-1-nFET "b 

where W(f) is a weighting function dependent upon the 

receiver's bandshape. This relation will be discussed in 

more detail in Section 3.9. Here, in the case of W(f) equal 

to unity, the indefinite integral of Eq. 17 is of the form: 

<i 2 (f)> - a'nf + bf + ~f 2 + ~f 3 (18) eq p-i-nFET - A ~ ~ 

In practice, this integral is evaluated within the 

receiver's effective noise bandwidth, Beff=fH-fL' where fH 

and fL' respectively, are the high and low frequency cut-off 

of the receiver. usually, fH>>fL so that Beff-fH. Using 

this condition, Eq. 18 becomes 
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2 Beff c 2 d 3 
<ieq(Beff)>p-i-nFET =a ln~ + bBeff + 2Beff + ~Beff 19 ) 

2.8.2 - Impact of Noise on a Practical p-i-n FET Receiver 

Design 

From the expressions of the noise coefficients a, b, c 

and d given in eq. 16, a good design of a p-i-n FET receiver 

implies the following characteristics: 

1. The detector should have low dark current and low 

leakage current (low Idn)· Present InGaAsP/InP 

technology yields very high quality 1.3~m p-i-n 

detectors. (Typical parameters: Idn~lO nA, Cd-0.5 pF, 

q-85%) • So that one can obtain a design which has the 

contribution of the total detector shot noise to the 

"b" coefficient one order of magnitude smaller than 

the contribution of the feed back resistor thermal 

noise. [l, 2 ' 3 ' 4 ' 8 ] This thermal noise contribution of 

RF can be three to four orders of magnitude larger 

than the total noise contribution from R0 and the PET 

depending on the particular design. This implies that 

for a typical p-i-n FET receiver design, the portion 

of noise which is flat within the receiver bandwidth 

is dominated by the thermal noise of RF. 

2. As can be seen in eq. 4, the thermal noise current of 

any resistor is inversely proportional to its 

resistance. This implies that the values of RF and R0 

- 17 -



should be chosen as high as possible. Since R0 is 

somewhat fixed by the requirement of the biasing 

conditions, only RF exhibits more freedom of choice. 

Here, a trade-off exists due to the fact that the 

receiver bandwidth decreases with increasing RF 

values. [l, 2 , 3 1 Usually, one can overcome this effect 

by choosing a high value of RF which produces much 

less than the desired bandwidth. Then, an equilizer 

is employed at the output of the receiver to restore 

the desired bandwidth. [l, 2 l This method has a limit 

since the high frequency noise of succeeding stages of 

amplification is no longer negligible when the 

equilization ratio becomes large. [1, 21 

3. The FET in use should have high figure of merit 

(gm/Cgs). This helps to deemphasize the effect of the 

front-end transistor noise. This can be realized by 

choosing a micro-wave graded FET. Also the FET should 

have low values of 1, P and fc. These parameters are 

dependent upon the transistor's technology and can be 

minimized by careful design and fabrication of the 

FET. (Typical parameters: gm/Cgs- 50 GHz, r- 1.75, 

P- 1.24, fc- 25 MHZ). 

Note that, from the compositions of the noise 

coefficients c and d of eq. 16, it looks like the effective 

input capacitance, CT' is causing noise. However, this 
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noise is not generated by the capacitor which is a noiseless 

element, but rather results from the action of the current 

gain, Ai(f), upon the transistor's output noise generators. 

It can be seen in eq. 15 that Ai(f) decreases with 

increasing frequency. By virtue of eq. 10, the contribution 

of the total output noise of the front-end transistor to the 

equivalent input noise of the receiver is proportional to 

frequency. This effect can be optimized by choosing low 

capacitan·ce circuit elements to use at the input of the 

receiver. 

2.8.3 - p-i-n BJT Receiver Equivalent Input Noise 

In a similar manner to that used for the p-i-n FET 

receiver, the expression for the equivalent input noise 

current of the p-i-n BJT receiver can be formulated by 

inspection of Fig. 5 and the use of Eq. 10, i.e., 

d .2 > 
<1 eq p-i-nBJT = 

df 

(20) 

where ic is the noise contribution of Rc , and ib' is the 

noise contribution of the spreading resistance, rbb', which 

can be derived as follows: 
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where 

d<i~l> 
df 

d 2 
df<ebb 1 > = 4kTrbb 1 ' 

Rp 
R

1 = l+j2wfRFC 1 ' 

C 1 = Cd+Cp+Cp . 

(21) 

Ai(f), in this case is the short circuit current lgain 

of the front end BJT including the loading effect, which can 

be written as: 

Ai(f)BJT = 

where 

Rll = ~//rble 
CT = Cd+CF+Cp+Cble+Cblc 

-g Rl I 
rn 

l+J 2trfR I I CT 

In the above equation, the loading effect of rbb 1 is 

(22) 

neglected since rbb 1 <<rb 1 e. Also cb'e and Cb'c are 

respectively the shunt and series capacitances of the BJT. 

Substituting Eq. 2, 3, 4, 8, 9, 21 and 22 into Eq. 20, 

the total equivalent input current noise spectral density of 

the p-i-n BJT receiver is of the form: 

where 

d .2 > 
<~eq p-i-nBJT = a + bf2 

df 
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From Eq. 22, the mean square equivalent input noise 

current of the p-i-n BJT receiver as a function of the 

effective noise bandwidth, Beff=fH-fL where Beff~fH since 

fH>>fL' can be written as: 

<i 2 (B )> . B + bB 3 
eq eff p-1-nBJT = a eff ~ eff (24) 

2.8.4 - Impact of Noise on a Practical p-i-n BJT Receiver 

Design 

As a benefit of the well known Si-BJT technology, a 

good BJT does not exhibit flicker noise above a few KHz. 

Normally, only shot noise which results from the biasing 

currents I 8 and Ic, and the thermal noise which results from 

the base spreading resistance, rbb'' are important. This 

implies the absence of the two noise terms resulting from 

the flicker noise in eq. 24 compared to eq. 19. Since the 

detector's effect on noise in both eq. 16 and eq. 23 is the 

same, the discussion of the detector's effect on noise given 

in the previous section is applicable here. However, due to 

the large amount of shot noise resulting from IB' the shot 

noise term of the noise coefficient "a" is now comparable in 

magnitude to the thermal noise term resulting from the 

various resistances Rp, rbb' and Rc· Within this thermal 
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noise term, the noise resulting from ~ still dominates the 

others in a typical design. This implies that for a typical 

p-i-n BJT receiver, the portion of noise which is flat 

within the receiver bandwidth is dominated both by the 

thermal noise of RF and the shot noise of IB. 

One of the special noise features of a BJT is the 

significant noise contribution of the spreading resistance 

rbb' to the noise coefficient "b". (Typically rbb'~lOOO). 

In a typical receiver, the thermal noise due to rbb' can be 

of the same order of magnitude as the shot noise due to IC. 

The noise effect of CT has been previously discussed: 

as a rule of thumb one should keep all capacitances which 

are associated with the input of the receiver as low as 

possible. 

2.9 - Bit Error Rates for Digital Transmission 

we proceed next to the prediction of receiver 

performance based upon the derivation of the equivalent 

input noise current spectral density for both p-i-n BJT and 

p-i-n FET optical receivers. By comparing the rms 

equivalent input noise current, <i~q> 11 2 , to the rms photo

induced signal current, <i~h> 11 2 , the sensitivity of an 

optical receiver can be predicted. 

The major application of optical receivers is for 

digital transmission system, where the sensitivity of a 
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receiver is defined as the minimum detected optical power, 

~p, which must reach the receiver in order to achieve a 

given bit error rate (BER). Personick£ 21 has shown that for 

a practical digital system which operates at 10-9 BER (one 

error per billion bits of digital transmission), the signal 

to noise ratio (S/N) is equal to 6. Note that, in deriving 

the above S/N ratio, Personick has assumed that Gaussian 

statistics governed all receiver noise sources. This is not 

so, since the statistics of the optical signal and the p-i-n 

detector noise are characterized by Poisson statistics.£13] 

However, it has been shown that the results obtained by 

assuming all statistics are Gaussian yield predicting in 

close agreement with the exact calculation done by digital 

computation, especially for the range of parameters 

encountered in optical fiber systems.[l9] 

As an immediate application for the receivers which are 

considered in this paper, the receiver sensitivities can be 

formulated by the use of Eq. 1, i.e., 

~P 9 = 10 log (5.7xlo 3 <i~q >112 ) dBm, (25) 
10- BER 

where <ieq>l/ 2 is given in Ampere and (hV/q)=0.95 W/A for 

~=1.3~m has been utilized. Note that, the above equation 

demonstrates that the sensitivity of any practical receiver 

can be derived solely from the value of the equivalent input 

noise current which can be determined from the knowledge of 

the equivalent input noise spectral density of the receiver 
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plus the overall system band shape. 

SECTION 3. MEASUREMENT METHOD 

The purpose of the experiment is to determine 

accurately the coefficients of the equivalent input noise 

current polynomial. Since these coefficients depend 

directly on the receiver circuit parameters and can be 

derived by theoretical computation, a direct and detailed 

comparison between the.ory and experiment becomes possible. 

3.1 - Experimental Apparatus 

The experimental apparatus is shown in Fig. 7. The 

controller, plotter, signal generator, post amplifier and 

spectrum analyzer are all commercial products (Hewlett

Packard 9825A, 9872A, 8662A, 84470 and 8568A, 

respectively.). The 1.3~m analog laser transmitter and the 

experimental 1.3~m receivers (p-i-n FET and p-i-n BJT) were 

built especially for this experiment, using modifications of 

the designs by P. Swarup, [9 ] K. Ogawa[ 8 ] and R. Paski[lO] of 

Bell Labs, respectively. 

3.2 - Equivalent Circuit and Its Operation 

The equivalent circuit for this apparatus, as seen by 

the spectrum analyzer, is shown in Fig. 8. In operation, 

the controller is programmed to command the signal generator 

to sine-wave modulate the transmitter at a series of 
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frequencies, and at each frequency the controller also 

commands the analyzer to track the fundamental frequency of 

the photo-generated and amplified signal with a resolution 

bandwidth much smaller than the receiver bandwidth (1 KHz to 

1.2 MHz for the p-i-n FET, and 10 KHz to 300 MHz for the 

p-i-n BJT) , so that as the center frequency of the analyzer 

is swept over the receiver bandwidth, the output electrical 

power spectrum, Pout(f), is measured and stored on tape for 

later manipulation and plotting. 

From the measured values of the output electrical power 

and the input optical power, the value of the receiver 

equivalent input noise current spectrum, <i 2 (f)>, can be eq 

determined. 

3.3 - Output Noise Measurement 

The relationship between Pout(f) and <i;q(f)> can be 

theoretically explained by inspection of Fig. 8: 

<v~ut(f)> = <i~otal(f)>IR(f)I 2 1G(f)l 2 , (26) 

where G(f) is the post-amplifier voltage gain spectrum, and 

<i~otal(f)> is the receiver total mean square input current 

spectrum due to both signal and noise and is defined by: 

<i~otal(f)> = <i~h(f)>+<i;q(f)> (27) 

Note that, in Eq. 26 the assumptions of 

<i~otal(f)>IR(f) 12 >> <e~a(f)> (post-amplifier equivalent 

input voltage noise) and <v 2 t(f)> >> <e 2 (f)> ( spectrum ou sa 
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analyzer equivalent input voltage noise), are implicit. (In 

practice these assumptions turn out to be well justified. 

In principle <e 2 (f)> and <e 2 (f)> can be normalized out of pa sa 

the measurement, if extreme accuracy is desired.) 

From Eq. 27, when <i 2h(f)>=O (no optical power input to p 

the receiver), Eq. 26 becomes: 

<v 1
2 (f)> = <i 2 (f)>\R(f)\ 2 \G(f)\ 2 

eq 

This voltage noise spectrum seen by the analyzer is 

expressed as a power spectrum: 

<vl(f)> 3 
[ 2 J P1 (f) = lOlog SOO xlO dBm 

(28) 

(29) 

Note that, in order to determine <i~q(f)> from Eq. 28, 

\R(f) 1
2 and jG(f) 1

2 have to be known. 

3.4 - Receiver Transimpedance Gain Measurement 

The measurement procedure to determine jR(f) 1
2 is 

readily available from Eq. 26 and Eq. 27. Note that, in Eq. 

27, when <i 2h(f)> >> <i 2 (f)>, Eq. 26 becomes: p eq 

(30) 

and the associated power spectrum, as measured by the 

analyzer, is: 
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l<v~ {f)> 3l P2 {f) = 10 log L 500 x 10 j dBm • { 31) 

To be free of <i~h(f)> in Eq. 30, a p-i-n diode 

(reference diode) similar to the one in use in the receiver 

is terminated with a resistive output impedance, RL' and is 

used to replace the receiver in Fig. 7 {Note that, l/2wRLCd 

>> fH, so that the apparatus used for normalization has a 
I 

response which is independent of frequency over the 

bandwidth of interest). Graphically, the change of Fig. 7 

is shown in Fig. 9 and its equivalent circuit diagram as 

seen by the analyzer is shown in Fig. 10. 

In order to keep the noise of the post-amplifier and 

the spectrum analyzer negligible, the photo-current is 
r 

increased by a factor of k to compensate for the low value 

of RL compared to IR{f) I. By inspection of. Fig. 10, when 

k2<i 2h(f)> >> <i 2 (f)>, the factor k can be written as: p eq 

k = 1ph p-i-n 
I ' ph receiver 

{ 31) 

where Iph p-i-n is the average photo-current generated by 

the reference diode and Iph receiver is the average photo

current generated by the diode in the receiver. In this 

case, the mean square output voltage, <v~(f)>, can be 

expressed as: 

<v2 (f)> = k2<i 2 (f) >R 2 1G {f) 12 
3 ph L ' (33) 

and the analyzer measures <v~{f)> as: 
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l<v~ (f)> ~ 
P3 (f) = 10 log L 500 x 10 3J dBm . (34) 

By utilizing Eq. 30 through Eq. 34, !R(f) 12 can be expr~ssed 

as: 

<v 2 (f)> I R(f) 12 = k2R2_2 __ 2 2 O.l[P 2 (f)-P 3 (f)] 
= k R X 10 (35) 

L<v2(f)> 
3 

L 

3.5 - Post-amplifier Gain Measurement 

To measure jG(f) j 2 , the apparatus of Fig. 11 is 

employed. First the signal generator is set at v 4 (f) where 

<v~(f)> >> <e~a(f)>. The analyzer measures v 4 (f) and 

expresses it as a power spectrum: 

l<v~(f)> ~ 
P4 (f) = 10 log L 500 x 10

3J dBm. ( 36) 

Then P 4 (f) is used as the input to the post-amplifier, ~nd 

at the output of the post-amplifier another power spectrum 

is measured: 

P5 (f) = 10 log 
[<v~ (f)> 

sao x. 103] dBm . (37) 

Since v 4 and v 5 are the input and output voltage of the 

post-amplifier, respectively IG (f) 1
2 can be written as: 
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IG(fll2 = <v~(f)> = lOO.l[Ps(f)-P4(f)] 

<v~(f)> 

3.6 - Receiver Equivalent Input Noise Transformation 

(38) 

Finally, the equivalent input mean square noise current 

spectrum of the receiver under examination, <i~q(f)>, can be 

determined by substituting Eq. 29, 35, 38 into Eq. 28 and 

rearranging as below: 

5xl0-2 O.l[P1 (f)-P 2 (f)+P 3 (f)+P 4 (f)-Ps(f)] = - X 10 (39) 
k2R2 

L 

Note that, by normalizing <v~(f)> or P1 (f) to 1Hz 

noise bandwidth and assuming: 

1 Hz 
, 

eq. 39 can be used to generate the equivalent input noise 

current spectral density of the receiver under measurement, 

i.e., 

d<i 2 (f)> eq 
df = 
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Practically, this measurement employs a technique where 

IR(f) 1
2 and IG(f) 1

2 are normalized by determining ratios of 

experimental quantities. Thus the accuracy with which 

<i 2 (f)> can be measured is determined primarily by the eq 
accuracy of the spectrum analyzer in measuring P1 (f). With 

the self-calibration feature of the HP-8568A spectrum 

analyzer the accuracy of P1 (f) can be made to be +0.4 dB. 

3.7- Measurement Results 

The equivalent circuit diagrams which explain the 

technique used to measure <i~q(f)> for the p-i-n FET and 

p-i-n BJT receivers are given in Fig. 12+ and Fig. 13, 

respectively. Fig. 14 and Fig. 15 show the results of these 

measurements of the equivalent input noise current spectral 

densities. Note that the theoretical curves are plotted by 

using Eq. 16 for the p-i-n FET receiver and Eq. 23 for the 

p-i-n BJT receiver. These theoretical curves were generated 

by adjusting the circuit's parameters slightly from their 

+ Note that, in order to show the effect of the flicker 
noise upon the p-i-n FET receiver equivalent input noise 
spectral density, it is better to start the measurements 
at frequency as low as the experimental apparatus would 
allow. In the apparatus employed in this experiment, 
the HP-8662A signal generator has a low frequency limit 
(fL) value of 10 KHz, whereas the HP-84470 amplifier has 
a fL value of 100 KHz. Therefore, it is convenient to 
replace the HP-84470 amplifier by two Avantek amplifiers 
(model UAA) connected in cascade, which have fL value of 
5 KHz, so that the measurements can start at a frequency 
of 10 KHz. 
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nominal design values in order to obtain a good agreement 

with experiment. Since only slight adjustment was needed to 

make theory and experiment agree, we were justified in our 

assumption that only the front-end transistor contributes 

significantly to the amplifier's equivalent input noise. 

Values for these parameters can be found in Table 1 for the 

p-i-n FET and Table 2 for the p-i-n BJT. These parameters 

are discussed further in Section 4 of this paper. 

Also, in order to effectively compare the measured 

results against the theoretical predictions, it is necessary 

to obtain the measured noise coefficients. This is done by 

employing the least-square-fit method. The results of the 

measured noise coefficients are given in Table 1 and Table 2 

for the p-i-n FET receiver and the p-i-n BJT receiver 

respectively. The least-square-fit curves are plotted in 

the same graphs together with the corresponding measured 

data points and the theoretical curves. These are shown in 

Fig. 14 and Fig. 15 for the respective receivers. 

3.8 - Least Square Fit 

The least-square-fit method[?] was employed to 

determine the measured noise coefficients of the receiver 

equivalent input noise current spectral densities. Since 

the results of this process are the smooth functions, it 

also helps to simplify the calculations of the total noise 

power per bandwidth. This was used in conjunction with eq. 
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25 to determine the respective receiver sensitivities. More 

detail of this evaluation process is given in the next 

section. 

The least-square-fit method minimizes the sums of 

squares of the deviation of the scattered data point about 

the expected theoretical form of <i 2 (f)>. Mathematically eq 

expressed, the fitting process is the minimization of 

Q= ~ [< i 2 
( f ) > • -< i 2 

( f • ) >] 2 
1 

i=l eq ~ eq 1 
( 41) 

where Q is defined as a measure of the overall disagreement 

between the observed values and the predicted theoretical 

values, n is the number of data points, <i~q(f)>i is the 

measured value of <i~q(f)> at the ith data point and 

<i~q(fi)> is the expected theoretical value of <i~q(f)> 

evaluated at the ith frequency of measurement. The 

mathematical detail of this technique is given in the 

appendix. 

3.9 - Receiver Performance Evaluation 

An indication of the performance of the receivers under 

examination is given in Fig. 16 and Fig. 17 which are the 

plots of receiver sensitivity (~P) as a function of 

transmission bit rate (B) for the p-i-n FET and p-i-n BJT 

receivers, respectively. The data points with error bars 

associated were obtained from actual system measurements on 
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similar receivers. [lO,ll,l21 The single data points were 

measured using the actual receivers characterized in this 

paper. These data points obtained from actual bit-error-

rate measurements agree well with each of the two curves 

shown. The first curve was generated by integrating the 

polynomials obtained from a least-square-fit of the measured 

noise. The second curve was obtained from the theoretical 

circuit parameters used for good agreement with the measured 

noise. 

In plotting these curves, it is necessary to define the 

weighting function, W(f). Physically W(f) is the system 

transfer function, and in a practical fiber communication 

system it usually is the product of series of transfer 

functions determined by the receiver and the wave-shaping 

circuit, i.e., 

( 4 2) 

where the product R(f) G(f) is the receiver's transfer 

function and the product E(f) F(f) is the wave-shaping 

circuit's transfer function resulting from the equalizer and 

filter responses, respectively. Note that, R
0

G
0

E
0

F
0 

is the 

product of the midband values of the associated transfer 

functions. 

In this paper, for simplicity, W(f) is assumed to be an 

ideal rectangular low-pass filter, i.e., 
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1 (43) 
w (f) = 

0 otherwise 

where Beff is equal to half of transmission bit rate+ i.e., 

Beff=O.S B. 

Then the evaluation of <i 2 (B)> can be formulated by eq 

the use of eq. 17, i.e. , 

2 .SB d<i;q(f)> 
<i (B)> = .t df df • 

eq 0 
(44) 

The effect of the weighting function is further explained 

graphically in Fig. 18, where we see that compared to the 

ideal rectangular response a practical system response de-

emphasizes the noise for f<O.SB and overemphasizes the noise 

for O.SB<f<Beff" 

Note that, if all system components were available for 

evaluation, rather than just the receiver, then <i 2 (B)> eq 

could be accurately measured including the effect of the 

actual system response, W(f). Here, for the case of the 

ideal filter, Fig. 16 and Fig. 17 are generated by utilizing 

eq. 25. 

+ Nyquist rate[lS] 
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SECTION 4. DISCUSSION 

Some useful observations about the results of these 

measurements can be drawn by inspection of table 1, 2 and 

Fig. 14 through Fig. 17. 

From table 2, Fig. 15 and Fig. 17, it is seen that 

results of measurements performed on the p-i-n BJT receiver 

agree well with theory if the effective noise capacitance 

value (CT) of 3.4 pF and the transconductance value (gm) of 

50.6 mS are used instead of the values of 3.13 pF and 58.5 

mS which were originally used in the circuit design model. 

It was not ~ossible to directly measure all of the circuit's 

parameters, but the values used did fall within the range 

measured on similar circuit elements, (as shown in Table 2). 

From table 1, Fig. 14 and Fig. 16 results of 

measurements pe~formed on the p-i-n FET receiver indicate 

little discrepancy from the theoretical expectation of the 

receiver's sensitivity if the flicker noise corner (fc) of 

50 MHz, and the shunt capacitance (Cgs) of 0.6 pF are used 

instead of the values of 25 MHz, and 0.5 pF which were used 

in the circuit design model. Here also, the parameters lie 

within the range of values measured on similar devices. 

From table 1, it is seen that whereas all other noise 

coefficients are close to their theoretical values, the 

flicker noise coefficient is almost triple its theoretical 
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value. Fig. 14 which is a log-log plot of the equivalent 

input noise spectral density of the p-i-n FET receiver 

clarifies this effect. However, this discrepancy has little 

penalty on the total integrated noise+ which is directly 

proportional to the receiver's sensitivity.++ From the two 

curves in Fig. 16 it is seen that for operating bit rates of 

1 Mb/s~B~lO Mb/s the discrepancy in receiver's sensitivity 

due to this flicker noise is at most 0.3 dB. For bit rates 

of more than 10 Mb/s where this particular receiver is 

designed for use, the receiver's sensitivity does not suffer 

a significant loss from this discrepancy. From this result, 

it is suggested that for a p-i-n FET receiver which is 

designed to operate at lower bit rates (B~l Mb/s), the 

flicker noise may have to be characterized more accurately. 

The discrepancies between the data points and the 

curves in Figures 16 and 17 must be due to causes other than 

the receiver's equivalent input noise. Possible sources of 

this degradation from ideal performance include: non-ideal 

response function W(f) for the linear channel,+++ excess 

+ 
++ 

+++ 

See Eq. 17. 

See eq. 25. 

The linear channel refers to the additional gain and 
wave-shaping circuit. Its function is to provide enough 
gain for the particular application and to reshape the 
distorted signal which is received after a long distance 
of transmission. 
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noise in the linear channel, non-ideal optical pulses from 

the laser transmitters (noise, intersymbol interference, 

jitter), and non-ideal response in the decision circuit.+ 

The fact that there is a larger discrepancy for the p-i-n 

FET receiver than for the p-i-n BJT receiver is probably due 

to the need for an equalizer between the p-i-n FET receiver 

and the linear channel which tends to emphasize the noise 

from the linear channel. [ 21 

Finally, it has been shown that with a little 

adjustment in the circuit parameters, the theoretical noise 

models of the receivers under examination can be used to 

reflect very accurately the performances of the practical 

receivers. 

SECTION 5. CONCLUSION 

Within the body of this paper, an analysis of noise in 

p-i-n FET and p-i-n BJT optical receivers has been given. 

By applying straight-forward circuit analysis, it has been 

shown theoretically that the receiver performance can be 

evaluated solely in terms of the equivalent input noise 

current, most of which originates in the front-end 

+ For a digital system an additional function, that of a 
decision circuit, would be required. Its function is to 
compare the signal from the linear channel against a 
threshold level which is set higher than the noise level 
to properly produce an '1' or a '0' at the output. 
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transistor in typical receivers. 

Experimentally, two typical receivers have been 

constructed and evaluated. Good agreement between 

theoretically and experimentally derived receiver equivalent 

input noise was obtained. 

In the literature, several authors[l, 3
r

4
r

5 l have 

theoretically derived the equivalent input noise current for 

an arbitrary optical receiver. Also there is one paper[ 20 l 

in which the equivalent input noise current spectrum of a 

receiver was measured by a method which was less accurate 

than the one presented here and which was not automated. 

The automated measurement technique presented here is unique 

by virtue of its accuracy and fast measurement results. 

This method will be employed to economically manufacture 

high quality optical receivers.[lG] 
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APPENDIX-LEAST SQUARE FIT OF <i~q(f)> 

By substituting Eq. 16 for <i 2 (f.)> in Eq. 41. The least 
sq~are deviation between meas8~ed 1 and theoretical values for 
<ieq(f)>p-i-n FET can be formulated 

Q . FET = ~ [<i 2 (f)>.- [fa+b+cf. +df~J] 2 
p-1-n i=1 eq 1 ~ i 1 1 

The minimization process can be done by employing the method 
of differential calculus, where the partial derivatives of 
the above eq. with respect to a, b, c and d are each equated 
to zero giving a set of four simultaneous equation for the 
desired values of the coefficients a, b, c and d and are 
obtained as below: 

~Qp-i-nFET = 
ba 

~QP-i-nFET 
bb = 

2 ~ [<i 
2 

(f)>.- [fa+b+cf. +df?J] [-.j:J = 0 · 1 eq 1 . 1 1 l.. l= l l 

2 ~ [<i 
2 

(f)> ·-[fa+b+cf .+df?J] (-1) = 0 · 1 eq 1 . J. 1 l= l 

~Qp-i-nFET 
be 

~Qp-i-nFET 
bd 

= 2 ~ [<i
2 

(f)>.-[fa+b+cf.+df?J] (-f.) = 0 · 1 eq l . l 1 1 l= l 

= 2 ~ ti
2 

(f)>.-[fa+b+cf.+df?J][-f?1 = 0 . 1 eq 1 . 1 1 1 l= l 

Rearranging: 

n n n 
a ~ _! + b ~ r.l +en + d ~ f. 

n <i 2 (f)>. = ~ eq 1 
. 1 f . . 1f2 . 1 . . 1 l l= . l= l 1= 1= 1 

l 

n 
a ~ 1 + bn + 

. lr. l= l 

n n n 
c ~ f. + d ~ f? = ~ <i 2 (f)>. 

i=l 1 i=l 1 i=l eq 1 

n 
an + b ~ f. + 

i=l l 

n 2 n 3 n 2 
c ~ f. + d ~ f, = ~ <i (f)>.f. 

i=l 1 i=l 1 i=l eq 1 1 

n n 2 
a~ f. + b ~ f. 

. 1 l • 1 1 ].= 1= 

n n n 
+ c ~ f? + d ~ f~ = ~ <i 2 (f)>.f? 

i=l 1 i=l l i=1 ~q 1 l 

Using matrix algebra notation, the above set of equations 
can be rewritten as: 

- 41 -



where 

aall + bal2 + cal3 + dal4 = bl 

aa21 + ba22 + ca23 + da24 = b2 

aa31 + ba32 + ca33 + da34 = b3 

aa41 + bas42 + ca43 + da44 = b4 

b 0 = 
1 

~ 1 
~-
i=lf~ 

1 

~ 1 
= .~lr. 

1= 1 

n 

n 
~ f, 

. 1 1 1= 

n 
- f2 ~ . 

. 1 1 1= 

- f3 = a43 = ~ · ' . 1 1 1= 

n <i 2 (f)>. 
~~ 1 

. 1 f, 
1= 1 

n 4 
~ f • I 

. 1 1 1= 
n 
~ <i 2 (f)>. 

i=l eq 1 

n 
~ <i 2 (f)>.f. 

i=l eq 1 1 

n 
~ < i 2 (f) > . f~ 

i=l eq 1 1 

In order for this system of 4 simultaneous equations to have 
solutions, its determinant cannot vanish, i.e., 

lol 
all ~12 al3 al4 

~0 = a21 a22 a23 a24 
a31 a32 a33 a34 
a41 a42 a43 a44 

Then the solutions for a, b, c and d can be found as 
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follows: 

bl al2 al3 al4 
b2 a22 a23 a24 
b3 a32 a33 a34 
b4 a42 a43 a44 

a = 
IDI 

all bl al3 al4 
a21 b2 a23 a24 
a31 b3 a33 a34 

b 
a41 b4 a43 a44 

= 
lol 

all al2 ?1 al4 
a21 a22 02 a24 
a31 a32 b a34 b3 a41 a42 4 a44 

c = I 

IDI 

all al2 al3 bl 
a21 a22 a23 b2 
a31 a32 a33 b3 

d = a41 a42 a43 b4 

lol 
Similarly, for the <i 2 (f)> _._ BJT 
substituted into Eq. ~~ to ~i~e? 

case, Eq. 23 is 

Q = ~ [<i
2 (f)>.-[a+bf~J] 2 

p-i-nBJT i=l eq 1 1 . 

The partial derivatives with respect to a and b are: 

bQp-i-nBJT __ n [ 2 [ 2J] ba 2 ~ <i (f)>.- a+bf. (-1) = 0 
i=l eq 1 1 

bQp-i-nBJT = n [ 2 [ 2]] 2 bb 2 ~ <i (f)>.- a+bf. (-f.) = 0 
i=l eq 1 1 1 

Rearranging and using matrix algebra notations, i.e., 

•t~here 

aall + bal2 = bl 

aa21 + ba22 = b2 
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n 
- f4 a22 = ~ · . 1 1 

~= 

n 
- f2 ~ . 

. 1 ~ 
~= 

n 
~ <i 2 (f)>. 

i=l eq ~ 

n 
~ <i 2 (f)>.f? 

i=l eq ~ l 

Solving for a and b: 

IDI = 
all al2 

"1- 0 ' a21 a22 

a = 
bl al2 
b2 a22 

IDI 

b = 

all bl 
a21 b2 

IDI 
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TABLE 1 

p-i-n FET Receiver Noise Model Summarization 

Theoretical Values 

Variable Unit Circuit design Values used for Measured values 
values good agreement 

}\2 0.89xl0=~~ 1.87xlo-~~ -22 a 5.8lxlo_26 Noise coefficients b 2 
A2/IIZ2 3.65x10_33 3.67xlo:33 

3.78x10_
33 c A /Hz 1. 53x10 

40 3.21xlo_40 3.97x10_40 d A2;nz3 1. 24xl0- 1.27xl0 1.16x10 

cd pF 0.50 0.40 0.4+0.1 
cP pF 0.20 0.20 o A+o. 2 
CF pF 0.10 0.10 0.10+0.05 
c pF 0.50 0.60 o.s+o.l 
cgs pF 0.02 0.02 0.04+0.02 

Circuit's parameters ggd mS 30 30 30"+10 
rm - 1.61 1.69 1. 7+0.1 
p - 1. 24 1. 24 1.24+0.01 
fc M!lz 25 50 lo=so 
RF kO 500 500 500+2% 
RD 0 82 82 82 
I nA 10.0 10.7 10.7 
1dn 

nl\ 0.5 0.5 0.1-2.0 gt 



TABLE 2 

p-i-n BJT Receiver Noise Model Summarization 

-
Theoretical Values 

Variable Unit Circuit design Values used for Measured values 
values good agreement 

a A2/Hz 6.90xlo-24 6.36xlo-24 6.75xlo-24 
Noise Coefficients 

A2/uz3 b 2.16xlo-40 2.64xlo-40 2.88xlo-40 

-- --
cd pF 0.45 0.50 0.4+0.1 
cP pF 0.39 0.39 0.4+0.2 
CF pF 0.01 0.10 0.07+"0.03 
cb'e pF 2.14 2.17 2.1+0.3 
cb'c pF 0.14 0.14 0.15+"0.04 

Circuit's parameters hfe - 118.5 118.5 100=150 
gm mS 58.5 50.6 50-60 
rbb' 0 25 25 20-30 
rb'e kO 2.02 2.33 2.0-3.0 
RF kO 6.00 6.00 6.00+10% 
Rc kO 2.48 2.48 2.48+"10% 
1dn nA 10.0 15.0 1570 

, . 
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