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OBJECTIVE

Derive the received SNR for an optical communication system. Study the effects of
postdetection filtering on the received SNR. Evaluate three types of postdetection filters -
integrator, matched filter, and low-pass filter - by examining the postdetection effect, which
characterizes the SNR degradation due to postdetection processing.

RESULTS

. SNR= ( D __/

where

D = responsivity
q = electron charge
ER = received signal energy

PB = background noise power

tm = time for pulse to peak

PD = postdetection effect

tm [s(t)*h(t)J 2

f IH(j o )wd w2

2. Assuming perfect knowledge of both the pulse arrival time and the received pulse
shape, the minimum amount of loss in the received SNR due to the postdetection filters for
background-limited noise conditions is 6.58 dB for the optimum integrator, 6 dB for the
matched filter, and 7.8 dB for the low-pass filter.
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INTRODUCTION

In analyzing a communication system, one is often interested in analytically

measuring the performance of the system. One usual measure of performance is the received

signal-to-noise ratio (SNR). This paper is concerned with deriving the received SNR for an

optical communication system. Particular attention is given to the effects of postdetectiol

filtering on the received SNR. Three types of postdetection filters-integrator, matched fil-

ter. and low-pass filter-are evaluated by examining the postdetection effect (PD), which

characterizes the SNR degradation due to postdetection processing. The first step in deriving

the optical communication SNR is to define the system configuration and the particular

optical receiver to be used.

SYSTEM CONFIGURATION

The optical system of interest is shown in figure 1.

SPACE PLATFORM

CLOUDS

/ /SUBMERGED OPTICAL

RECEIVING PLATFORM

Figu e 1. Cottfiguration of the optical communication system.

A spaceborne optical source sends pulses of blue-green light, which travel through clouds

and water to a submerged optical receiving platform.

OPTICAL RECEIVER

The optical receiver collects the light from the space platform after it traverses the

optical channel and processes it so as to recover the transmitted information. The typical

optical receiver is represented by figure 2.

R.ECEIVED RECEIVING POTEETION NOMTO

LENS PHOTODETECTOR PROCESSOR OTU

FELD

Figure 2. The optical receiver.
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A received field is applied to the receiving lens system, where the system lens filters and
focuses the received field onto a photodetector. The photodetector converts the optical
signal into an electronic signal, and the postdetection processor amplifies and filters this
signal for recovery of the desired information.

There are two types of optical receivers: the heterodyne-detection receiver and the
direct-detection receiver. These receivers differ in their lens system configurations.

The heterodyne-detection receiver (fig 3) generates a local optical field, which is
electromagnetically mixed with the received field through a front-end mirror. The mixed
wave is then detected at the photodetector. This receiver is used for amplitude-modulated
(AM), frequency-modu!ated (FM), and phase-modulated (PM) systems. It can be called a
spatially coherent receiver since it requires close tolerances on the spatial coherence of the
two optical fields.

/LENS

SCOLLIMATED COBNG

RIECE IV E D  
FOCUEDPoTODETECTOR

i LOCAL

~FIELD
~OSCI LLATO

Figure 3. Heterodyne-detection receiver.

The heterodyne-detection receiver is not feasible for the system configuration
shown in figure 1 because (1) the spatial coherence of the wave transmitted from the space
platform is lost during transit through the propagation medium (clouds and water) and
(2) the optical heterodyne receiver antenna theorem (ref I)

ARE2 R < 2 ()

where
AR = receiver area

S2 R = receiver solid angle

X = transmitted wavelength,

cannot be reasonably met.

The direct-detection receiver or noncoherent 'eceiver (fig 4) is a power-detecting
device. After travelling through the optical lens, the received field is focused onto the
photodetector, which detects the instantaneous power in the collected field. Filtering
added ahead of the photodetector permits spatial and frequency discrimination to be used
against undesired background radiation. Spatial discrimination can be provided by a po-
larization filter; frequency discrimination, by an optical bandpass filter.
i. The Antenna Properties of Orbital Heterodyne Receivers, by AE Siegman; App Opt, vol 5, p 1588-1594,

1966.
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~POLARIZATION
[ (SPATIAL)

I LENS FILTER

RECEIVED FOCSE PHOTODETECTOR

! I BANDPASS

FITE

Figure 4. Direct-detection receiver.

RECEIVED SNR DERIVATION

The direct-detection receiver can be expanded into an electrical signal model
(fig 5A), with a generalized optical receiver for comparison (fig 5B). The output current of
the photodetector is proportional to the instantaneous received power, which (for this
system configuration) is of the form

-t/:In (2)

The instantaneous received power as seen at the photodetector is as follows:

ERPMtPR(t) fp(t)

fp(t) dt

ERs(t) , (3)

where

ER = total received signal energy

p(t) = te /tm u(t)
0 t <0

u(t= I I t> 0

p(t) dt

s(t) = p(t) / fp(t) dt

tm = time at which the peak value of the pulse occurs.
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Il I ,
RCIE AMPLIFIR V ETECTION V

DIRECT GAINS FILTER, 0o
FIL DETECTION 1P G h W)

A - DIRECT-DETECTION RECEIVER

RECEIVED RECEIVING POST--, LENS I H T -Ih DETECTION N
FIELD I SYSTEM IIDETECTOR ' 1 PROCESSOR

A I

B - GENERALIZED OPTICAL RECEIVER

Figure 5. Electrical signal model of the direct-detection receiver.

The photodetector current is related to the instantaneous received power by the
equation

ip = D PR(t) (4)

where

D q  (5)

and

D = receiver responsivity (A/W)

= photodetector efficiency

X = optical wavelength (in)

q = electron charge (A- s)

h = Planck's constant (W- s2)

c = speed of light (m/s)

By means of the electric signal model in figure 5 and equation (4), the optical receiver
performance parameter (the postdetection filter output SNR) can now be determined. The
input and output signal voltages appearing at the detector filter are as follows:

Vs =G ISi R

-GD PR(t) R (6)

Vs = GD R PR(t)*h(t) , where • denotes convolution. (7)
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The available signal power at the output of the detector filter, h(t ), becomes

S V2so
4R

(GDER)2 R [s(t)*h,(t)12 (8)

The photodetector output kurrent contains several sources of noise, including thermal
noise, dark-current noise, background noise, and signal shot noise. These noise sources can be
modelled by assuming that each noise source acts as a voltage in series with a resistor (fig 6.
The available noise power is given by tile relationship

N -v- (I)
where
ii __ lOt

v- = G jW) s /IHU,,)12

except for signal shot noise (ret 2), where

v GvM*(

* --i [ H (j w H H(jw Iejw t dw I Ga

and Gv(j ) is the noise power spectral density in voltage units. Table I lists the spectral
density for each noise source.

R

V+ 

J

+ 
R

(v
2

) 1/2

Figure 6. Noise model representation.

2. Receiver Design for Digital Fiber Optic Communication Systems, 1, by SD Personick, Bell System
Technical Journal, vol 52, p 843, 1973.



Noise Source GvO(JW)

Thermal 2KTR

Dark current G2qlD R 2

Background G2 q lBR 2

Signal shot G2qIs(jw )R 2

Table i. Noise source units.

On substItuting the values in table I into equations (9) and (10), the resulting noise
powers becone

NKT fIH(,j) 12 dwo(I!
thermal 2 f2r

G- ql R f 12 d(Ndark current = 4 fHj 27 ( r2

G2qD PBR f
Nbackg rOu n d  = 4 H(jw) 12 dco 13

4 2 (13)

G-DR " d5 (
Nsignal shot = D RJ 2 r [ Hcj~)*H(jw) I eJ- t 

-2t (14)

where

K = Boltzmann's constant (W-s/K)

T = resistor temperature (K)

(I = , 'iotodetector current gain

I = electron charge (A* s)

I) = receiver responsivity (A/W)

Ii) = dark current (A)

PB = background power (W)

pS = signal shot noise (W).

[he total noise power at the output of the detection filter is the summation

N = Nthermal + Ndark current + Nbackground + Nsignal shot • (15)

For this system the dominant noise source is background noise. Consequently the
received noise power is approximated by the relationship

N = Nbackground (16)

lthus the resulting received SNR is as follows:

S (G)ER) " I s(t)*h(t) 2 (
=dR)O (17)N (;2qD PB R fl H 0jw12 I" 2
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Equation (17) then reduces to thc following:

S - D 1k_ [s(t)*hl(t) 2I8
N -q PB fHjw- 1

or

S _D E~D (19)
Nq B trn

where

-D (s(t)*h(t) 12 (20)
t i IHUjw.2 dw

f ~2 ir

and PD represents the postdetection effect.

POSTDETECTION EFFECTS

Since the received signal. s(t). is known and various postdetection methods can be
represented by the filter, h(t), one can determine the postdetection effects of equation (20).
Three types of postdetection are examined: the integrator, the matched filter, and a low-
pass filter.

INTEGRATOR

The integrator is modelled by the process

Ys(t) s(t)*h(t)

f s(N)dx (21)
t-T

where y5(t) represents the Output of the postdetection filter at time t and T is the integration

time t t -t At t t,, , the output of thle postdetection filter is as follows:

Y5(t2) ] s(X) dX .(22)

With reference to equation (2 1) the posidetection filter is as follows:

Since fh2(t)dt I H (j,)I.~

f IH(j.)12 2r j u(t) - u(t -T) I2 dt

T. (24)



Since s(t) = , equation (21) becomes
t2

m

Ys(t) = s(t)*h(t)

t
f s(X) dX
t-T

t e - X/tm
f I A d

t-T tm

*-t/tm i t T t + 1)1 (25)
= T  tin (i tm tm (5

If equations (25) and (24) are substituted into equation (20), the postdetection effect for the
integrator becomes

P D Y t = t)
flH~jOL I? d.._

2-ff

T/tm + - I e n -+ -  + (26)I eT~tmJ + 1mTIn~Lt m mIn

To maximize the SNR of equation (19), PD must be maximized. PD is maximized
by determining the integration start time, t I over a fixed integration period, T. This implies
that

(PD) = 0. (27)

To satisfy equation (27) requires that

t T/tm

tm T/t m  (28)eI

The optimum integrator implies that for a given integration period, T, the start time ofthe integration, 11, must be related to equation (28). Table 2 shows some representative inte-
gration start times (t 1 ), integration periods (T), and the resulting PD

Figure 7 is a plot of equations (26) and (28) showing the optimum integrator post-
detection (PD) loss for various integration periods. Notice that when the integration period
T = 3 tm , the postdetection effect is minimized.
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Integration Integration Post-
Period, Start detection
T/tm Time, Effect,

ti1/tmnP
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iTable 2. Optimum integrator postdetection effect.

13



r7.

0-

-2-

0 -4-

Lu -6 -
0

-~~ 0
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INTEGRATION PERIOD, thm

Figure 7. Optimum integrator postdetection effect.

MATCHED FILTER

The matched filter process is represented by a filter response

h(t) =s(A-t) [u(t) -u(t-A] (29)

where A is the observation time length of the filter. The output of the postdetection filter
for signal only is

Y5 (t) = s(t)*h(t) .(30)

Hence if equation (29) is substituted into equation (30) and the result is evaluated at t A

Ys(t) A fs (t-Tr) h()dr) t=A

14



-1 S(t-T) S(A-7) dIT

= 2 2(T) d 7 (31)

tern /t
Since sMt 2 ____ equation (31) becomes

m

2 2 /tm
Ys(t) t=A 4 r dr

0 tm

- ~ ie till [ 2 (A2I 2 ( + i1] (32)
4tm ~m \tM!

Since IH(jwi) 12 (t) dt

f, -~ , 12 w f2(At)d
2ir f

J0 jS 2 (0) dt (33)

If equation-, (3 2) and (33) are substituted into equation (20). the postdetection effect for the
matched filter becomes

PD t m

f I~ H [jw I" + (j+

The postdetection effect for thle matched filter is listed in table 3. Figure 8 shows the
relationship between the observation time of thle postdetection filter and the postdetection
SNR effect.

RC LOW-PASS FILTER

The postdetection filter response for the RC low-pass filter is as follows:

RCR
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Filter Post-
Observation detection

Time, Effect,

jI 4' 15 3.

I1 LI T 5. r-

Ii J 4

ii 1 5 , LI' i

I Ii 59 51.1 411

4 1j 8iDi 4 E.

II 14 L 1 .

Li 1 1 F 4

iJ ILIIL L;V45 0:
H Z!L 4 1 ,, I ii.
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The postdetection filter for signal only has the following output response.

ys(t) s(t)*h(t)

- s(r)h(t-7r) dr

~t 7/rtm
e-e- (tT-,)/RC dTr

o 2 RIC0 m

- l e-tIRC jtm [e I M t (36)
2R I ~ RIC Itm

p.--

-2-

0 -4
z
0

0

0 1 2 3 4 5 6 7 8 9 10
FILTER OBSERVATION TIME, A/tm

Figure 8. Matched filter postdetection effect.

The response

IH(jw) 12 dw f ()2 e-2 t/RCdt

(37)

(2I
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If equations (36) and (37) are substituted into equation (20), the postdetection effect for the
low-pass filter becomes

fI HO0 )12 d:;

2w

tin t 2
2t /RC I rtm t t/t

I e - e [ I - (tm/RC - I) ]! t m  4 !
tm

( - I1 )
RC

= where RC/tm 1, and
tintI1 tm .t ,4 "RC

1 -m e m , where RC/tm I . (38)

The postdetection filter effect is listed in table 4 for RC/tm = 2. Figure 9 shows the RC
*4 low-pass filter postdetection effect vs filter output times for various values of the parameter

RC/tm.
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Filter Post-
Output detection
Time, Effect,
t/tm P

7' 1 4' Ii 4

I ti 4
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-20-
0 1 2 3 4 5 6 7 8 9 10

FILTER OUTPUT TIME. ttm

Figure 9. Low-pass filter postdetection effect for various values of the parameter RC/tm.

20



SUMMARY

When communicating optically from a spaceborne transmitter to a submerged
receiving platform, noncoherent detection must be used because there is a spatial coherence
loss due to the channel (clouds and water). For a noncoherent optical receiver operating in
background-limited noise conditions, the received SNR is derived as follows:

I

D ( B D

where

D responsivity

q = electron charge

ER received signal energy

PB= background noise power

tm time for pulse to peak

PD = postdetection effect

I s(t)*h(t) 2
= tn

PD is tile parameter used to characterize the effect of postdetection on the received
SNR. Assuming perfect knowledge of both the pulse arrival time and the received pulse
shape, the minimum amount of loss in the received SNR due to the postdetection filters for
background-limited noise conditions is 6.58 dB for the optimum integrator, 6 dB for the
matched filter, and 7.8 dB for the low-pass filter.

This report is a preliminary discussion of the effects of postdetection on the
received SNR. It assumes perfect knowledge of both pulse arrival time and received pulse
shape. A final report will contain analyses showing the degradation caused by timing
uncertainties associated with pulse arrival time and by the uncertainty in the received pulse
shape.
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