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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

o (2eE)

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

where

Pg =background noise power

th = time for pulse to peak

1

Pp = postdetection effect
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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

one is often interested in analytically

In analyzing a communication system,
e usual measure of performance is the received

measuring the performance of the system. On
signal-to-noise ratio (SNR). This paper is concerned with deriving the received SNR for an

optical communication system. Particular attention is given 10 the effects of postdetection
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 (Pp)s 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 i.

SPACE PLATFORM

CLOUDS

AIR

WATER

SUBMERGED OPTICAL
RECEIVING PLATFORM

Figure 1. Caoufiguration of the optical communication system.
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Figure 2. The optical receiver.




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
COLLIMATED COMBINING
FIELD MIRROR
RECEIVED FOCUSED \\
RECE) FOCLS PHOTODETECTOR
) LOCAL
FIELD
LOCAL
OSCILLATOR

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 1)

ARQR< A2, o
where

AR = receiver area

2 g = receiver solid angle

X = transmitted wavelength,

cannot be reasonably met.

The direct-detection receiver or noncoherent veceiver (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.

1. The Antenna Properties of Orbital Heterodyne Receivers, by AE Siegman; App Opt, vol S, p 1588-1594,
1966.
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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/
ipozp(t)=te Fm . )

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

Epp(t)
[pvyat
= ERS(t) , (3)
where
Er = total received signal energy
-t/t
p(t) = te ftm u(t)
a(t) )Y o0t<o
1 t=20
"
/p(t) dt =t>
) = p®)/ [pyat
t = time at which the peak value of the pulse occurs.
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Figure 5. Electrical signal model of the direct-detection receiver.

o The photodetector current is related to the instantaneous received power by the
equation
v ip = D PR(v) . (4)
where
= §x
D e ¢ (5)
and
D = receiver responsivity (A/W)
¢ = photodetector efficiency
A = optical wavelength (m)
q = electron charge (A-s)
h = Planck’s constant (W- sz)
¢ = 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:

: v

= GL R
\ Si lSl
' Vi, = GD R Pp(t)*xh(t), where « denotes convolution. (N




(8)

" (GDER)? § [seh®1? .

The photodetector output current 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 the relationship

—s'
= Y 9
N= 2/ )
where
(10

v = GG leUw) &

except for signal shot noise (ref 2), where

-

V-

G 2
v(t)*h (t)

G, (jw) . ]
= (220 (et | et g (10a)
and G fjw) is the noise power spectral density in voltage units. Table 1 lists the spectral

density for each noise source.

Yi Hijw)

wH1/2

Figure 6. Noise model representation.

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




Noise Source Gv(jw )
Thermal 2KTR

Dark current qulD R?
Background qu Ig R
Signal shot quls(jw )R2

Table 1. Noise source units.

On substituting the values in table 1 into equations (9) and (10), the resulting noise
powers become

- KT . 2 dw
Nthermal -3 [IH(J‘-'-’ ) B an
3
G-qlp R o 2 dew
Niark current = R j«H(}w ) 1= 31 (12)
)
G-qD PBR ) 2 dow
Nhackground = S S— le(_]wH T (13)
=2 Pe(jw) .
. G qD R S . . t dw
Nsignal shot 4 [ 57— [HGw)+H(w) ] elv 3 (14

where
K = Boltzmann’s constant (W-s/K)
T = resistor temperature (K)
G = |, hotodetector current gain
q = clectron charge (A-s)
I = receiver responsivity (A/W)
I}y = dark current (A)
Pg = background power (W)
Pg = signal shot noise (W).
The total noise power at the output of the detection filter is the summation

N o= Nthcrmul + Niark current t Nbackground + Nsignal shot - (15)

For this system the dominant noise source is background noise. Consequently the
received notse power is approximated by the relationship
N = Npackground - (16)

T'hus the resulting received SNR is as follows:

... 1R 5
S ((l[)hR)- Z. [ sttyxh(t) ] -

2 = . (17
N Glaprg R fiHge) 2 4o

27
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Equation (17) then reduces to the following:

Eg 2
S _D "R [stsh)]~ (18)
N q Pp o0 d
[tugaon? T
or
,
s.b ErR Pp (19)
N q PB tm !
where
Pp _ [stysh]? (20)
t
m 2 dw
JIsY =

and P 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 arc examined: the integrator, the matched filter, and a low-
pass filter.

INTEGRATOR
The integrator is modelled by the process

yg(1) = s(t)+h(t)

t
f st A (21)
t-T

where y(t) represents the output of the postdetection filter at time t and T is the integration
time t,—t;. At t =t , . the output of the postdetection filter is as follows:

R

vty = [ Tsovan 22)
t
1

With reference to equation (21), the postdetection filter is as follows:

h(t) = u(®-ult-T) . (23)

2 dw

Since /hz(t)dt - le(jw)ln;; ,

[iHGe)? %g = Jtuw-ue-m) 2 at




-t/tm
Since s(t) = te

3 , equation (21) becomes
t
m

Ye(t) = s(t)xh(t)

t

- f s(\) dA
t~T
t =My
= f . d\
t-T 'm
_ e_t/tm eT/tm - T, D -(L + 1y . (25)
tm tm tn

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

integrator becomes
2
[ I ‘:J

P t
D m
'/‘|l‘l(_jc‘))|:2 do

27
=2t /t 2 '
1"'m t - t :
S U T/‘m(l+_‘+1) . (26) :
Ty, t'm ‘m 'm ;

To maximize the SNR of equation (19), Pp must be maximized. Pp is maximized

by determining the integration start time, t) . over a fixed integration period, T. This implies
that

a =

To satisfy equation (27) requires that

_tl = & . (28)
tm eT/tm -

The optimum integrator implies that for a given integration period, T, the start time of
the integration, ', must be related to equation (28). Table 2 shows some representative inte-
gration start times (t}), integration periods (T), and the resulting PD .

Figure 7 is a plot of equations (26) and (28) showing the optimum integrator post-
detection (Pp)) loss for various integration periods. Notice that when the integration period
T = 3tm , the postdetection effect is minimized.
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Table 2. Optimum integrator postdetection effect.
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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)J , 29)

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

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

Hence if equation (29) is substituted into equation (30) and the result is evaluated att = A ,

ys(t) 't= A~ fS(t—T) h(r) dr

=A

14




A
= } s(t=1) s(A—7) dr
0 =4

= f 52(1) dr . 3
0

Since s(t) =
E _ T7e
. 0 ma = [0 2

T S T

Since  [1H(w) 12 92 fhz(t)dt :

/lH(_jo.))!:%iJ ’[Sz(A-—t) dt

A
=j s (1) dt . (33)
0

If equations (32) and (33) are substituted into equation (20), the postdetection effect for the
matched filter becomes

[Ysz(‘)l t=A}
m ]muwn?%‘;’

L },_C_zén [3 (ﬁ)z + :@)\u 1“ . (34)

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

Pp

RC LOW-PASS FILTER

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

= ..._l.. :—t/R(‘ S
h(t) Re ¢ u(t) . (35)
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Table 3. Matched filter postdetection effect.
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! The postdetection filter for signal only has the following output response:

yg() = s(t)*=h(t)

/s(r)h(t-—'r) dr

t -7/t
- re__ M ] e~ (t=1)/RC g4,
L 0 tl’%‘l RC
, - -t/t
& - 2l l 1l ‘e t/RC _, /m“-(-l%_t—]_)t])' (36)
: t2RC (L1 )2 | m ’
; m™ LRCT 1
_ m
i or
.f‘ -2’- 1
%
y !
! |
0 Z
o
- =
. &
: & 61
: [a]
n
g i
18 7
A10f—— 5+t 3 78 9 10

FILTER OBSERVATION TIME, Ahm

Figure 8. Matched filter postdetection effect.

The response

o0

Jiugw) 1242 = [ (k)2 = 2/RC gy
0

g ' =(—;—)(R’—C) : (37

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

t [20] =]

PD =
)2 3
[luow)l -
t t 5
2t /RC “RC t —t/t
( Hm e mo_e /m[l-(tm/RC-l)t—t—] ,
(.t£_1)4 m
RC
=<where RC/tm=#l, and
_z.t_m__t_
t RC t
\_; Fme (-:_m)4 e m  where RC/t = 1 . (38)

The postdetection filter effect is listed in table 4 for RC/t, = 2. Figure 9 shows the RC

low-pass filter postdetection effect vs filter output times for various values of the parameter
RC/t, .

18
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Table 4. Low-pass filter postdetection effect for RC/tm =2,
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Figure 9. Low-pass filter postdetection effect for various values of the parameter RC/t .
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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:

-
Ep P
sNr =( 2} (RY(222)
q PB t'm
where
D = responsivity
q = electron charge

Eg = received signal energy
Pg = background noise power
t = time for pulse to peak
Pp = postdetection etfect

[s(*h(t) ] =

tm

[11¢ jw)l%—‘r-)

Ppy is the 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 reccived 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
uncertaintics associated with pulse arrival time and by the uncertainty in the received pulse
shape.
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