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ABSTRACT

This document presents both analytical and expérimental results of the
effects of receiver tracking phase error, caused by weak signal conditions on
either the uplink or the downlink or both, on the performance of thg concatennted'
Reed-Solomon (RS)/Viterbi channel coding system. The test results were obtained’
uﬁder an emulated S-band uplink and X-band downlink, two-way space communication
channel in the Telecommunication Development Laboratory (TDL) of JPL with data
rates ranging from 4 kHz to 20 kHz. It is shown that, with ideal interleaving,
the concatenated RS/Viterbi coding system is capable of yielding large coding '
gains at very low bit error probabilities (510-6) over the Viterbi-decoded con-
volutional-only coding system. The results also show that performance equivaleat
to ideal. interleaving in the concaéenated RS/Viterbi codiné systcem is ubtained
with an interleaving depth greater than or equal to 4. Because of the large
coding gains the use of concctenated RS/Viterbi coding scheme in deep-epace
missions will make it possible to pecform high-rate data transmission in con-
junction with two-way ranging or doppler measurcments when weak signal conditions
exist (on both the uplink and the downlink during two-way copmunication). Sim-
ilarly for one-way communication under weak downlink conditions; this concatenated

coding scheme will also provide more data rate protection than the Viterbi-

decoded convolutional-only coding system. Finally, analytic results on the effects

of receiver tracking phase errors on the performance of the concatenated RS/Viterbi

channel coding system with antenna array combining are presented.
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SECTION I

INTRODUCTION .-

The concatenated coded system was proposed by Forney (Ref. 1) to achieve
very low error prébabilities.‘ Toward this goal, Odenwalder (Ref. 2) propo&ed a
concatenated coding system using the Viterbi-decoded convolutional codes as the
inner code and the Reed-Solomon (RS) codes as the outer code (see.Figure 1). In
Ref. 3, Odenwalder, et al sho;ed by simulation that a 255-symbol, l6-error cor-
recting (E = 16), RS code with 8-bit per symbol (J = 8) concatenated with a con-
straint length (K) 7, rate (R) 1/2 or 1/3 Viterbi-decoded convolutional code, is
a cost-effective coding system for achieving very low error probabilities. Rice
(Refs. 4 tc 6) propcsed the use of the concatenated RS/Viterbi coding and image
data compression for efficient deep-space communication. Both Voyager (ai Uranus
encounter, 1986) and Galileo will utilize this RS/Viterbi channel in combination
with data compression (Refs. 8 and ?). JSeveral near-earth and deep-space flight
projects such as the International Solar Polar Mission (ISPM) have also considered
using the concatenatéd RS/Viterbi coding scheme. In Ref. 4, Rice also discussed
the potential advantage of the concatenated RS/Viterbi system over the Viterbi-
decoded convolutional-only coding system when phase errors exist in the receiver.
In Ref. 7, Odenwalder showed more simulation results of the concatenated RS/Viterbi
coding system performance and the sensitivities of the factors such as phase errors,
interleaving level, etc., which may affect the concatenated coding system perfor-
mance. In Ref. 10, the results of an experimental study of the concatenated RS/
Viterbi coding system performance in a two-way space communication channel with

strong uplink and downlink is presented.

1-1




‘ Th(a purpose of this document is to present both analytical and experi-
. mental results of the effects of receiver tracking phase error on the performance
of thé concatenated RS/Viterbi channel coding system. The expe;imental results
are obtained under an emulated two-ﬁay deep-space communication channel with 8-
band uplink and X-band downlink in the Telecommunicétion.Development Laboratory
(TDL) of JPL. TDL equipments are almost identical to the ground station receiv-
ing equipments of the Deep Space Network (DSN). It will be shown that the con-
catenated RS/Viterbi coding scheme i{s capable of yielding large coding gqins over
the Viterbi-decoded convolutional-only coding system when weak signal conditions
exist on either the uplink or the downlink or both. Also shown is an evaluatioa

of the impact 6£ different choices of interleaving depth.

Recently antenna array combining techniques have beea proposed to in-
crease the signal-to-noise ratib for future space flight missione (Ref. 11). The
ast part of this document will present some analytical results on the effects of

tracking phase errors in the re. :ivers on the RS/Viterbi codiag system performance

under the conditions of array combining.
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‘ SECTION II
THE EFFECTS OF RECEIVER TRACKING PHASE ERROR ON THE PERFORMANCE

OF THE CONCATENATED RS/VITERBI CODING SYSTEM

2.1 ANALYTICAL RESULTS - B |

A block diagram of the ground receiving system, with carrier and sub-
carrier demodulators, symbol synchronizer, Viterbi decoder, and Reed-Soldmon
decoder, such as the Deep Space Network (DSN) ground recziving system is shown
in Fig. 2. ;rhe carrier tracking loop and data demodulation can be modeled

as shown in Fig. 3 (Refs. 12, 13, and 13). The received IF signal r(t) (point

@ 1n Fig. 3) is given by : | -

. . . fenry
r(t) = /27 cos {u_t + 8 d(t) Tin [u & + 3 ()]}

&))

- .’ZPc sin [wn.t + ec(t)] + /2?; d(t) Sm [“’sct ,‘ esc

x cos [“IP

€+ 6,(0)] +a(e) . (1)

vhere - o '

- 25 - fer power -
P Pp cos 6 = carrier power
P, = total transmitter power

6 = modulation index

2 .
D PT sin Gm - data power .

w_ . = IF carrier angular frequeﬁcy ‘

ec(:) = phase uncertainty in carrier refercnce

d(t) = BPSK data, +1 or =1
Sm(wsct) = gquare wave subcarrier with polarity of sin(w.ct) e £1
eec(c) = phase uncertainty in subcarrier reference

n(t) = white Gaussian noise process with single-sided spectral density
Nq watts/Hs .
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)

The received IF signal 18 mixed with the square wave subcarrier
Sin lwg .t + 3“(!:)] where 6“(:) is the SDA estimated subcarrier phase, and -
then filtered by the predemodulation filter F(s) to give the signal (point @

in Pig. 3) as
F(/2F, sin luggt + 6,(0)] 5 10 fu £+ (0] +-

/2_1%' d(t) § in [ug t + Bac(t)] Qi (.t + 3“(:)]

cos [wn,t + cht)]} + nl(t) (2)

where nl(t) is a white Gaussian noise process with one-sided spectral density
of Ny watts/Hz. The first term of Equation (2) is filtered out by F(s),

therefore the filtered signal is

/25, d(e) i fu .t + 6, (D)) Sin lu t + 8, (0)) x

cos {w

A XCHEENC) 3

The filtered signal at @ is then mixed with the IF reference signal -

vZ cos [un,t + 3c(t)l]

where ﬁc(t) is the carrier tracking loop estimated carrier phase. The resulting

aignali s(t) (point @ in Fig. 3) is given by
S(e) =/, d(6) {S1n [ug e + 0,.()] Din [u t + 8 ()]} x

cos [6,(t) - 3c(t)] + nz(t) (4)
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RSN,

" smce T et e N ._" N c R

Bin fug,t + 0,01 Stn lu e + 8 (01 =1 (3) lo, (&) -5, (0]

by (4), one has the equation. '
S(t) = v’i";‘[l - (%) I#,(t)l] cos ¢ (t) + n,(t) )

where

| ¢s(t) = esc(t) - 3sc(t) = phase error in the subcarrier tracking loop
¢c(t) - ec(t) - §c(t) = phase error in the carrier tracking loop
nz(t) = a white Gaussian noise process with one-sided spectral density

of N watts/Hz.

0

The signal S(é) from the SDA is correlated with the estimated BPSK
data d[t - (1 - 1) T, - e€], where '1‘8 is the symbol interval and ¢ is the symbol
timing error, and integrated over the symbol time. The result of the integra-
tion is dumped to the A/D converter every symbol time to provide a_3-b1t soft
decision data to the Viterbi decoder. The 1ntegrate-an&-dump circuit output

(point (G) in Fig. 3) is given by

1'rs+e {/ﬁ) d(e) 4 [t - (1~1) 're-e] x
$'(T,) = % [ | (1-(2) o g2 ) x cos ¢c(t)} de
’ (1-1)T +¢ ' o
8 + K n3(11.)
R (6)
2-4
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. " where

i = ith symbol interval
K = integrate-and-dump circuit gain
n3(1Ta) = g zero mean Gaussian random v#riable vitb_
| N

-9
2T
8

variance and n3(1Ts) is independent

of n3(jT’) fo? 1¢3.

(6) becomes

{a(:) dft - (1-1) T, - €] x

‘Il’v where
J; -

na(iTs) = a zero mean unit variance Gaussian random variable

Es = PDT8 - energy‘pe! eysbo;o

smaller than the symbol rate, then the terms

[~ @) 10,01]

I1f the gain K of the integrate-and~dump circuit is set to equal 1/ N072Ts then

iT +¢
' zgs 1 ° 2 ;
S (1‘1‘8) - -ﬁ;--f; | (1- ('&) IOB(t)] x cos OC(t)} de
(1-1)T§+£
+ nafiTa) 7

. : If the carrier and the subcarrier traéking loop bandwidths ire much

-




and cos oc(t) in (7) can be considered as constants over the symbol 1nterv51.‘

In this case (7) can be expressed as:

[ZE ' o ‘
S'(iTs) - . Tﬂf [1 - (%)IQ.(irs)l] cos ¢c(1r.) x

1Ts+e

.TL f d(t) d [t:- (1- 1)1'8-?:] de | + “A(“s)
(1-1)T e :

s
(8)

If the bandwidth of the symbol synchronizer is much smaller than the symbol

rate, then the symbol reference error ¢ can be considered #»3 a constant over

the symbol interval. In this case

AT 4¢

1 8 . . 2|e(1T°)|
T j d(t) dl.t- (1-1)'1‘8-6] dt = 1~ T

8 8
: (1-1)T8+t

-] - z|x(ue)| 9)

= normalized symbol reference error.

where A (1Ts) -
8

Thus by (9), Eq. (8) becomes

§'(1T,) =y /-N—OE [1-(;2;) 'los(ua)l] cos 4,(1T,) x[x- 2 IA('i'rs)'l] + ':_x‘('i‘r.')‘

(10)
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Fiom (10) one can see that the signal component of the matched filter output .

is degraded by the factbr

.2 -
[1 - (&) I¢(fre)'|] cos ¢, (4T,) [1 - 2A(1r,)]
Suppose the bit error probability, P e’ of the Viterbi decoder under

perfect carrier, subcarrier, and symbol tracking loops is given by
P, = £(E,/N) (1)

vhere Eb/N0 - PDT/NO = SNR measured at receiver 50 MHz IF. Now, 1if os, °c' and
A are constants over all Viterbi decoder errors then by (10) and (11) the con-
ditional bit error probability for constant bg» ¢c and A under a perfect A/D

converter is given‘by

2
P (65 6.5 A) = ¢ ; [ ) 1o I] cos® ¢, [1~2l1l] } (12)

The bit error probability of the high-rate model is thus given by

1/2 a/2 : ' .
f f_IP(¢.¢.A)9(¢.¢.A)d¢d¢dx (13)
-1/2 J-u/2 : .

wvhere p(os, Qc’ A) is the joint probability of ¢8, Oc and A. For small

carrier tracking phase error, ¢c, Oa' and A can be'considered as statistically

. independent random variables. Thus p(oc. L A) in (13) can be expressed as

p(¢c. bgr A) = p(Oc) p(o.) p(})

2-8
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two-way phase error can be neglected.

T T O 0 AR IR 2 15

. By the above equation (13) becomel'

[ [ [ P (¢ v bg0 A) p(¢ ) p(o ) p(Q) d¢ do dx (14)

wvhere p(oc), p(¢8), and p(\) are the probability densities of phase errors in the

carrier, subcarrier and symbol tracking loops, respectively.

In a two-way transmission with a strong uplink, the conttibntidﬁ'

exp(p cos0c)
P(¢c) - 21!10(9) * |°c| _';'ll

In (15), p is the carrier tracking loop SNR given by

P
c

_ p= no x FL xT M'

vhere : R PR P

= carrier power - E ) Coa

e -/
0

=
)

=
]

receiver (Ref. 135).

made by the phase error in the carrier tracking loop in the spacecraft to the
Hence the probabiiity density of the two-
way phase error can be approximated by the probability density of the one-way

phase error ¢  1in the carrier tracking loop of the ground receiver as {Ref. 12]

one-sided noise épectral density in the ground receiver

one-gided carrier loop bandwidth in the ground receiver

"

Qas)

bandpass limiter suppression factor in the ground phase-locked




. The phase error variance c: is given by '
¢ .

2 1 '
= = . 16
-4 : (16)

In a two-way transmission with a weak uplink, the contribution made
br the phase error in the carrier tracking loop in the spacecraft to the two-
* way phase error cannot be neglected. Hence the probability density of the two-

way phase error ¢ should be given by (Ref. 15)

2 2 1/2
I &cl +p," + 20 9, gosoc) ] .

P(o,) = 2n 1 (p,) 1,(p,)

sl < aD

' vhere - :
. °1
a, = ——
o S

p = —=B ___ u carrier loop SNR in the spacecraft receiver (n = 1)

NonBLnrn .
and the ground receiver (n = 2).

P__ = carrier pover (n = 1,2)
N = one-sided noise spectral density (m = 1,2)
B, = one-sided carrier loop bandwidth (n = 1,2)

I - = bandpass limiter suppression factor (n = 1,2)

G = gtatic phase gain of the spacecraft transponder = 880/221 for
S-band uplink and X-band downlink

Kp = loop parameter function (Ref, 15, p. 94)

r

fad £ A Elaraie FL L0 4 S SO
5

g pe 2 :
Pripdiiaptadge - p¥kigierntnr. B il 1SS MR AR NI e




‘ The two-way phase error variance 02 o is given by (Ref. 15)
, c

g
al

where
2 1 .
¢, = — = transponder turn-around phase noise
9

A pargmeter, which is related to the carrier loop SNR at threshold loup bandwidth,

is called the carrier margin ch. This parameter is defined as

P
M 8o n=1,2

where

BL a " one~-gided carrier threshold loop bandwidth.
o

(18)

(19)

The probability density function of the SDA phase error ‘s in (14) 1s

given by (Ref. 195)

exp (p s €08 208)

i lel <3
n Io(os) ) 2

p(¢s) -

where
Pg = SDA loop SNR.

The probability density of the normalized SSA phase error A in (14) is given

by (Ref. 13) | .
exp [(cos 2nA)/(2woA)2].
pQ) = 3 s Il s 1/2
I, ((W/2m0))7) .
2-11
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vhere

oi = SSA normalized phase error variance.

From (13) and (14), one can see thaf the system loss suffered.in the
demodulation of downlink data, which 1s determined by the extra Eb/NO required
to achieve the same bit error rate, will be comprised of:

(1) Losses due to imperfect carrier synchronization (the radio loss).

(2) Losses due to imperfect subcarrier synchronization (subcarrier

syncironization loss). !

(3) Losses due to imperfect bit timing (bit synchronization loss).

The residual carrier usually has much less power than the data power (e.g.. the

residual carrier is 15 dB below the total power of the transmitted signal for a .

residual index of 80°). And, since the subcarrier frequency and the data rate
are both much less than the carrier frgquency. the carrier loop bardwidth is
normally much wider than those of the subcarrier and bit synch loops, due to
dynamic considerations. As a consequence, radio loss due to carrier jitter is
the dominant factor in the total system loss. Hence we will use radio loss to

approximate the system loss. Letting 08 = A =0 in (12) and ﬁsing (14), ‘one has

1 Eb "
P, = f f(ﬁg cos%c) P(s,) d, (20)

where p(¢ ) is the probability density of the receiver phase tracking error.

The P versus Eb/N curves for different loop SNR's in a one-way communication
and for different uplink carrier margins with a fixed downlink carrier loop SNR
of 13.5‘43 in a two~way communication are shown in Figs. 4 and S, respectively

for a K= 7, R = 1/2 Viterbi-coded convolutional code.
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‘ An error burst on the Viterbi decoder output is defined as a Qequence éf
decoded bits that begins with a bit in error, ends with - b;t.in error, and has
fewer than K-1 correct bits within the burst. The measurement results (Ref. 18)
showed that the average error burst length and the probability of bit error within
a burst of a K=7 Viterbi decoder did not vary too much over a wide range of BER's
from 1073 to 10”7, Therefore, it is reasonsble to assume that the average number
of bit errors in an RS symbol error is a constant.

Using the above assumption, the bit error probability (BEP) Pb at the

RS decoder output can be expressed as:

p. =2 SO | (21)

where PSI and Ps are the symbol error probabilities (SEP) at the RS decoder

0
input and output, respectively. Let the symbol error probability of the Viterbi

decoder for an ideal receiver be given by g(Eb/NO). Then the symbol error

probability for a constant carrier phase error ¢c can be expressed as

'v ; (% C°f2¢¢)

Thus, the symbol error probability for a non-ideal receiver can be obtained as

(Ref. 7). S I ' j
B ) ’ : )
B 2 ‘ ‘
Pgy = f g ;,: cos”¢ ) P(de) dd, (22)
-% . .

Let E be the number of symbols an RS code is able to correct. Then

. for a perfectly interleaved system Pso is equal to

2-13
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2J_l J \ . . |

i P 2-1-4 i 23
Pgo ™ E 5 _ P, (1 Psl) (23)

i=E+1 4

where (ﬁJ-l) i{8 the number of symbols in an RS codeword. By (22) and (23), the .

bit error probability Pb of the concatenated system given in (21) is equal to

J A

=5 2-1 2J1 i
P, =P, E —J Pg; (1 PSI) (24)
i=E+1 2-1 Il

For a perfectly interleaved system the RS word error probability (WEP) Py is

given by (Ref. 3).

J J
2-1 2-1 J
Z i 2-1-4
P, (PSI) Q- PSI) (25)
i=E+1 i . ' :

Thus once the bit and symbol error probabilitiés of the Viterbi decoder
output are obtained, the bit, symbol, and word error probabilities of the con-
catenated system c#n then be determined by computing (23), (24), and (25).

The one-way and two-way ra&io loss cﬁrves as a function of carrier jitter and
Viterbi decoder input bit signal-to-noise ratio for a concatenated J = 8,‘

E = 16 perfectly interleaved RS code and a K= 7, R = 1/2 Viterbi-decoded con~
volutional code are shown 1n'Figures 6 and 7, respectively. The Viterbi decoder
output symbol error probability g(Eb/No) used in obtaining the one-way and two-

way radio loss curves, is taken from the simulation data.
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Figure 7,
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Down-Link Loop SNR = 13.5 dB (i.e., 02y = 0.045 radian?) for
Perfect Interleaving. S
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' , The performam:e obtgined using the above assumptions of a perfect
intarleaving and a conctant bit error per RS input error symbol is useful for .
system tradeoffs study. However, for actual system design one has to rely'on
the expérimcntal method to obtain realistic system performance for vatioﬁs .
interleaving depéhs. | . oL

This section describes the objectives of such an experiment, its qetnp,
and the results obtaiqed. This experiment has been perfo;med utilizing the

TDL facilities.

2.2 TEST OBJECTIVES

The test objectives of this experiment are:

(1) To determine the bit and word error probabilities of the Viterbi-
decoded convolutional-only coding system and the RS/Viterbi cod-
ing system under an emulated two-way transmission with weak '

‘ carrier power on either the uplink or the downlink or both.

(2) To compare the coding gains of the RS/Viterbi coding system
with the Viterbi-decoded convolutional-~only ccding system.

(3) To test the sensitivities of the factors which affect the
RS/Viterbi coding system perfoxm#nce such as the interleaving

depth, convolutional code synchronization, etc.

2.3 TEST PARAHETER# AND ENVIRCNMENT
Test paramcters and environment are as foilovs:'
(1) Test data rates = Iolto 20 kbita/aec;aud. ‘
(2) AK=17, rate (R) = 1/2 Viterbi-decoded convo‘lutionaAl code is |
concatenated with a J = 8, E = 16 RS code, where J is the

number of bits in each RS symbol and E is the maximum number of

. , correctable RS symbols,

' 2-19
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4)
)
(6)
)
®
(9)

(10)

(11)

(12)
13)

'Interleaving level (I) = 1, 2, 4, 8, and 16,

S-band uplink and X-band downlink two-way transmission through a
transponder. One-way transmission is emulated by a.two-way
transmission with a strong uplink,

Transponder: NVM second-order phase-locked loop with 18 He
threshold loop bandwidth (ZBw). _

Receiver (carrier tracking loop): BLOCK IV second-order phase-
locked loop with 10 Hz threshold loo2p bandwidth (ZBLO).

SDA (subcarrier tracking loop): BLOCK III second-order Costas
loop with 0.375 Hz threshold loop bandwidth (ZBLO).

SSA (symbol tracking loop): second-order digital data transition
tracking loop with 0.005 nominal relative loop noige bandviﬁth
(28,7). ' |

Telemetry subcarrier frequency: 370 kHez.

Modulation index varies from 80 to 85°.

‘Noise bandwidth used in measuring the receiver input SNR:

11410.02313 He,

Test record size: 32640 bits (= 16 RS words).

Test duration: >S5 % 10’ bits.

2.4 TEST SET-UP

The flow diagram of the test setup is shown in Fig. 8. It 1s used to

emulate the concatenated RS/Viterbi coding system as well as the Viterbi

decoded convolutional coding iyltél. '

2,4,1 Viterbi-Decoded Convolutional Coding System

The test source data are generated by a 2047-bit PN sequence generator

and then encoded by a K= 7, R = 1/2 convolutional coder. The encoded data are

2-20
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modulated onto the subcarrier first and then onto X-band carrier. The carrier
reference 18 derived from an S-band uplink signal.  The resulting X-band downlink
RF signal is attenuatgd to emulate the space transmission loss and then received
by the carrier tracking loop of the ground receiver.

| The input F.b/N0 is measured at the receiver 50 MHz IF. The receiver
output signal is subcarrier-demodulated, symbol-synchronized, and Viterbi-
decoded to reconstruct the input PN source data. The reconstructed data are
then compared with the delayed PN data to generate a string of bit error pat-
terns, This bit string is divided into 32640-bit (16 RS words) blocks and
recorded on a 9-track 800 bpi tape. This string of bit error pattern essentially

characterizes the Viterbi decoded convolutional coding channel. -

2,4.2 RS/Viterbi Concatenated Coding System

The concatenated RS/Viterbi coding system is formed by concatenating
an outer RS code of interleaving depth I with a Viterbi-decoded iﬁner convolu-
tionai code. The tect source data are encoded by a software RS coder with J = 8
and E = 16. A set of various interleaving depths (i.e., I = 2, 4, 8 and 16) are
used. Each set of RS coded data are then EXCLUSIVE-OR added with the bit string
gstored in the error pattern tape. The resulting data simnl#tes the input to a
ground receiving station. This set of data are then de-interleaved and decoded
by a software RS decoder. A comparison is suﬁsequently made between the testi
source and the decoded data to determine the bit, the symbol, and the word error
probabilities of the concatenated coding system. An RS coaeword errsr is

declared if more than 16 symbol errors occurred in an RS co&euord.
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The interleaving scheme used(fot the RS code i{s the type B interleaving
as described in Ref. 4. This interleaving scheme is illustrated by an I-level

interleaved RS code array as follows:

Information Symbols Check Symbols
1.1 1
Codeword No. 1 sl'slfl""°"’82221+1". Pl'Pz"°°"""ﬂ"P32
Codeword No. 2 s.,S s p2,p? p2
» z. I+1’noo-oo. 2221+2) 1. 2.00.-...-..., 32
Codeword No, I .5, s L p! pl
[} Ig 21.000000. 2231’ 1' 2.00000000.... 32

Each RS code array consists of I RS codewords. The order of symbol transmission

18 as follows:

81’SZI oo 'SI’SI+1’SI+2’ *» I'SZI. L ] '8:2221+1’82221+2.00.’82231.

1 .
Pl' LU .Pi.P;. L g .Pg’ LR R ] .P;zo L) .P;z

The de-interleaving process is the reverse of the interleaving procesé.
Tﬁe transmitted symbol sequence is reassembled ‘during the de-interleaving process
into an RS code array, and decoding is performed on each RS codeword in the
array. The advantage of this interleaving scheme is that data symbols are trans-
mitted in their natural order. Hence, the data received by the receiver can be
used for real time analysis without any preprocessing. Another advantage of
this interleaving scheme is the elimination of memorylneeded to buffer informa-

tion symbols at the encoder.
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PN CONVOLUTIONAL SUBCARRIER
DATA GENERATOR —={ ENCODER [l Lt " OoR [ TRANSMITTER
LENGTH = 2047 T R=1/2,K=7
DELAY

f AN | Y

VITE SERIAL TO , PARALLEL
Eam’;:'c%‘x%%' PARALLEL TO SERIAL ATTENUATOR
CONVERTER CONVERTER
CONVOLUTIONAL y
i 8 f t 1 ENCODED SYMBOLS L
o | _,
! ' CONVOLUTIONAL SYMBOL SUBCARRIER
o MODCOMP COMPUTER DECODER SYNCHRONIZER | DEMODULATOR ‘+ RECEIVER
‘ REED-SOLOMON RS/VITERBI
T;‘?,EX",‘,"T { DECODER CHANNEL
(SUFTWARE) ERROR COUNTER
PN " REED-SOLOMON
DATA GENERATOR ENCODER DELAY
LENGTH = 2087 (SOFTWARE) N
(SOF TWARE)

ib Figure 8. Test Set-Up.




2.5 TEST RESULTS

Performance tests were made ‘:l.n the TDL facilities to determine the
performance of the Viterbi-decoded convolutional-only coding system and the RS/
Viterbi coding detem under an emulated S-band uplink and X~band downlink condi-
tion. A LINKA#IT LV7035 Viterbi decoder is concatenated with a software J = 8,
E = 16, RS decoder. The interleaving scheme used for the RS code is the type
B interleaving discussed in Section 2.4. The test data rate is from 4 kHz to
20 kHz, The uplink carrier margin Hci and downlink carrier loop SNR p, are
carefully calibrated by varying the modulation index, the data rate, and the
transmitting and receiving power. The one-way transmission is emulated by a
two-way transmission with a strong uplink (uplink carrier margin = 75 dB).

The receiving system used in the tests is almost 1dentiéal to the
one used in a DEN ground station. The receiver carrier loop SNR versus down-
link carrier margin for this pQrticular receiving system is shown in Table 1.
Tﬁe variance of the two-way phase error for different uplink and downlink carfiQt
margins, ch(n = 1,2), of the particular transmitting and receiving system used
in the tests are shown in Table 2. Test results for one-way and two-way radio
loss are plotted in Figs. 9 to 14 as a function of carrier jitter and bit signal-
to-noise ratio. An overhead of 0.6 dB is added to the Eb/No required by the RS/
Viterbi coding system to account for the 12.54 percent redundancy in the RS check
symbois.. The test results afe close to the analytical pfediction to within 0.5 dB

for the ideal :ln_terleaviné cqse.i IR ; ’
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Table 1.

Block IV X-Band Receiver Carrier Loop SNR Versus

Downlink Carrier Margin

Downlink Carrier Margin

Loop Bandwidth

Carrier Loop SNR

P .

Noz‘;w (4B) B, (Hz) p= N:‘;L,. (dB)
12.0 14.6956 9.8284
12,5 15.4349 10.1143
13 16.2122 10.3999
13.5 17.0285 10.6854
14 17.8849 10,9711
14.5 18.7823 11,2571
15 19.7215 11.5438
15.5 20,7031 - 11.8313
16 21.7273 12.1199
16.5 22.7939 12.4100
17 23.9025 12.7019
17.5 25.0522 12.9960
18 26.2414 13.2926
18.5 27.4682 13.5921
19 28.7296 13.8951
19.5 30.0223 14,2021
20 31.3417 14.5136
20.5 32.6828 14,8302
21 34.9395 15.1525
21.5 35.4046 15.4813
22 36.7703 15.8172
22.5 38.1279 16.1609
23 39.4680 16.5133
23.5 40.7808 16.8751
24 42.0563 17.2471
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Table 2. Two-Way Phase Error Variance a: for S-Band Uplink and X-Band Downlink
. e .
‘Static Two-Way
. Uplink - Phase Gain Loop Uplink Downlink Downlink Phase
Threshold Carrier of the - Parameter Carrier Carrier . Carrier Error
Damping Ratios Margin Transponder Function Loop SNR Margi: Loop SNR Var%ance
= '
£, (0 =1,2) M ; (dBm) G Ky p, (dB) ch (dB) p, (dB) aﬁ,c
| 0.707 28 3.8919 0.794055 20.1868 18.5 13.5‘ 0.159
0.707 29 3.8919 0.799449 21.0989 18.5 13.5 0.138
0.707 30 3.8919 0.803509 22,0492 18.5 13.5 0.12
0.707 31 " 3.8919 0.806504 23.0255 18.5 13.5 0.105
0.707 32 3.8919 0.808699 " 24,0149 18.5 13.5 0.092 -
0.707 33 3.8919 0.810319 25.0082 18.5 13.5 0.082
0.707 3.8919 0.811533 26.0021 18.5 13.5 10,075

34




127

L | R TN PR INE Ty v o B a1, e T AT WA - - - - e - L e e il m e e o oaer ampr

.nization of the Viterbi decoder is monitored. It is noted that the Viterbi decoder

From the measured two-way Viterbi decoder radic loss curves, one can
see that the measured curves diverge from the theoretical two-way high-rate radio
loss curves atound'Eb/NO = 11.5 dB. This is because data rate becene§ so low
(2.5 kHz) that the high-rate radio loss model is no longef applicable. From
Figures 9 to 14, one can see that thé.concatenéted RS/Viterbi coding system with an
ideal interleaving has coding gains ranging from 3 to 13 dB, at very low urror
probabilities (510-6), over tﬁe Viterbi-decoded convolutional-only coding sfsten.
Also shown is that an ideal interleaving in the concatenated RS/Viterbi coding
system is one with depth greater than or equal to 4.

One important aspect of the concatenated RS/Viterbi code performance is
the node synchronization problem in the Viterbi decoder. If the Bb/No on the
Viterbi decoder is too low, then the Viterbi decoder may lose its node synchroni-
zation. The node resynchronization process may take a large number of bit periods.
Consequently, large interleaving levels are required to spreaa out the long bursts
generated by this resynchronization process. Hence to avoid using large inter-
leaving levels in the concatenated RS/Vicerbi system, the Viterbi decoder should

be operated above the resynchronization threshold. In the test, the node synchro-

is operated under perfect node synchronization. Therefore, an interleaving level
of 4 1s'vety close to an ideal interlzaving.

In space communications, the science data and compressed imaging data
usually require very low bit probabilities (510-6) in transmission (Refs. 4 and 10).
Now if the Viterbi-decoded convolutional-only coding ;ystem is used in the space
flight missions, then it is impossible to perform high-rate data transmission when
weak signal conditions exist on both the uplink and the downlink. One has to '
perform one-way data transmission end two-way ranging or doppler measurements

separately in time. Since the RS/Viterbj coding system has large coding gains
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‘ovet the Vite:bi—_decoded convolutional-only coding system in two-way communication,
one can alleviate the above problem by using the RS/Viterbi coding system in space
flight missions. In one-way communication, because the RS/Viterbi coding systea
also has large coding gains over the Viterbi-decoded convolutional-only coding
system, using the former coding scheme will provide more data rate protection than

the latter.
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‘ ‘ : SECTION III
EFFECTS OF RECEIVER TRACKING PHASE ERRORS ON THE CONCATENATED
RS/VITERBI CHANNEL CODING SYSTEM WITH ARRAY COMBINING

3.1 PERFORMANCE ANALYSIS
A simplified functional block diagram of an antenna array combining sys-

tem is shown in Fig. 15. The baseband signal from each receiver in the array is N

a squarewave subcarrier modulated by the telemetry data. These baseband signals

are delay-adjusted by each individual tracking loops and weight-summed in the

-

Baseband Combiner (Refs. 16‘and 17). The combiner output is fed into the Sub-
carrier Demodulator Assembly (SDA). The output of the SDA is input to the Symbol
Synchronizer Assembly (SSA) and then decoded by the Viterbi and'Reed-Solonon de-
coder. The IF signal ti(t) from receiver number i (1 £ { 2 n), where n is the

total number of receivers in the array, can be expressed as

ri(t) - v‘ZPC1 sin wept + Gc(t)] + JZPD1 d(t) x

S in [a!sct + Bsc(t)] cos [wIFt + Oc(t)] + ni(t)

where

Pc = carrier power in receiver 1,
b § .

PD = data power in receiver i.
i .

wp = IF carrier angular frequency.
8.(t) = phase uncertainty in carrier reference.

d(t) = BPSK dats, +1 or -1,

3-1
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. Sin(msct) = gquare wave subcarrier with the polarity of sin(usct) = %],

esc(t) = phase uncertainty in subcarrier reference.

ni(t) = white Gaussiun noise process with single-sided spectral

density N4 in Watts/Hs.

i

The signal ri(t) is mixed with the signal Y2 cos [un,t + 3c (t)] vhere 3c ()
. 1 1
is the carrier tracking loop estimated carrier phase in receiver i, and filtered

to give the baseband signal ri' (t) as

' =y *
£y (t) PDi d(t) Sin [wsct + Osc(t)] .cos ¢ci(t) + n, (c) (26)
wvhere
, ¢, (¢) = Gc(t) - 3c (t) = phase error in the carrier tracking loop of
e | - i
‘ . receiver 1.
y ni(t) = a white Gaussian noise process with one-sided spectral

density of No¢ wvatts/Hz.

Let the weighting factor for baseband signal ri'(t) be a. Then

the signal combiner output S(t) can be expressed as

s(t) -E °:l'1.(t - 1'1) o
S 4m :

e

n

- 2 a, JTD: da(t - 1'1) Sin [wsct + Osc(t - ti) - “’sc'z]
{=1 + S i

Xcosoc(tf-‘l’

P +o o (27)
1 , = .

-
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' where _
ri = delay error in delay tracking loop i relative to the signal

from receiver'l, vhere 1, = 0.

a(t) = a white Gaussian noise process with one-sided spectral density

n 2’ i (- - . *
of ¢ ay N _, watts/Hz. ' '
ol
i=]

3

The signal s(t) given in (2) is mixed with the subcarrier signal
S in [wsct + esc(:)]

in the SDA, where 5sc(t) is the SDA estimated subcarrier phase, and the result is
correlated with the estimated BPSK data d[t - (J - 1) T_ - €] in the SSA, vhere
'r8 is the symbol interval and ¢ is the symbol timing error. The result of this
. correlation is integrated over the symbol time and dumped to the A/D converter at
the end of each symbol time to provide an 3-bit soft decision data to the Viterbi
decoder. The output of the Viterbi decoder is then fed into the Reed-Solomon

decoder. The integrate-and-dump circuit output in the SSA is given by

jI;+e .
s! (j'l's) -%:- f Z 45 Sin [u$Ct+ 0 (t T ) - wsc‘ti]
G-t 1=1 | |

x 5 in [ wget + esc(:)] [coa 0 (: “ 11)] dle -~ 11]

xd[:-(j-l)'l‘e-e]:dt'tlnl(j'tl)  .'

[ ST

et ol SOV S S Bt et T2 e - an gy aadins - - [




. . a v
1Tg

$'3UTg) - '1!-(: % 1 ‘ﬂ:[l‘(%)l dgc(ts Ty) ] *
-1 - 17 ‘

[P )

»[cos ¢c1(:- 11)] dfe- ri]d[t- (3-1T, - c] dt; + Ka, JT,)

vhere

¢sc(tl Ti) - 8sc[t - ri] - wscfi - esc(t) : ‘-
j= jth symbol time.
K = integrate~and-dump circuit gain.

nl(j'rs) = a zero-mean Gaussian random variable with vuﬁme

2

n
T ai

N_,/2Tg and n) (3T,) # n,(1Ty) for § ¢ 1.
i=1

If the carrier, subcarrier, combiner delay, and symbol tracking loop

bandwidths are much smaller than the symbol rate and if K is set to equal

n
2
II\JCEI oy §°1/2T5, then S'(jTs) becOfeg .

T~

S'UTg) = 2 Z} Ny [cos ¢c1(.11‘,-"rij)] x [1-(;2;) "sc(jTS"‘ijﬂ]

1=1 V =1

- .- .:
- ST

x[1-2 b, i nan) (28)

\. i “ ": "‘rl - '~ - " ',"*; ~ 4
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where
Tyy "t (T)

Bb = P T = energy per bit (Joules/bit) .
i i , . .

T = bit period |
A(3Tq, 1) = JEGTY - T M7,

nz(st) = a zero mean unit variance Gaussian random variable.

From (28), one can see that the signal-to-noise ratio at the matched filter

output ac the jth symbol time is given by

Z 1 Zz [cos ¢ (j , rﬁ)] x [1-(%) Iosc(JT,. 'cu)

i-l 1=]1

]x

[1 -2 |A(j'l‘s, rij)l] | " (29)

For perfect delay, subcarrier, and symbol tracking loops, t1J = 0 for

i=] ~=-,n, and ¢sc(st) = A(JTg) = 0. Thus (29) becomes

\/1 / N,, cos ¢, (Jr.) o (30)
1=1 1=1 |

Now suppose the bit error probability, Pe' of the Viterbi decoder, under perfect

carrier tracking loops in the array, is given by

P, = f(nb/sp) (31)




vhere Eb/No is the signal;to-no:lse ratio at the input of the Viterbi decoder. If
.c for i=1,2,~--.,n are constant over all Viterbi decoder errors, then by (30) and

i
(31), the conditional bit error probability for constant ¢ d=1l,...,n) is given by

2

P-(¢ ,o , ...,cb \A u N cos¢ (32)
e cl n
_ . i=] i=]

The bit error probability is then given by_

" i :
P = - P (% & »ece) PO, »8_ s eeen d d¢_, d¢, -— d¢
e ‘l:ﬂ .I:." e( e; €, %n)_ (c1 <, cn) e, ¢ ey

(33)

where p(¢_, ¢, ~=, ¢ ) 1is the joint probability density of ¢_, ¢  ,~==» 9,
€1 € a 1 © n
Since ¢ , ¢ , ---, ¢ are statistically independent, p(¢ — b )
e’ ey ’ ch R Y cz' e,
in (33) can be expressed as

P, (°°1’ O“z" - %n)- p(¢c1) ?(%z) - p(%ﬂ) (34)

By (34), (33) becomes

w T ' . '
| —— Pl , 9 4 ==—, ¢ ri¢ P{¢ ~—= p{¢ d¢ d¢ -—d¢
L f_ﬂ o tegr 7 00) ey ) 2y ) Plhe,) ey e, — e,

(35)

wvhere p(¢c ) is the probability density of the carrier phase error in receiver {.

. hE
P(Oc-) 18 of the same form as shown in (15) and (17) for one-way and two-way
transmission, respectively.
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The weighting factor a, in (32) are selected to maximize the output

i
signal-to-noise ratio of the array combining system. It was shown (Ref. 17) that

the output signal-to-noise ratio of the array combining system given by

zf
St
E . 1-1
Ng
' 2 o Nog
1-1
is maximized when .
oy -1

P /W :
a _\} Dy ol for 1=2,3,...,n

1-"1'5/11
101

Under these conditions, Bb/N° becomes

n . '

;-3.2;’2.;’_1.,;, | . 36
© fu1 .o1- ol 1 R

vhere - -

. é'lnzz.,/"a’

. - +
‘ /N
1=1 zbl ol

is the improved signal-to-noise ratio.
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. » By (32), P‘ in (35) can be expressed as a function of Ebhlo as
llows? '

e
3 :

i=1

wvhere

\/'a,/i_1 Ny J?F“?

‘f identical antennas and receivers are used in the array, them a =° a =

1, E:bi/NQ1 - (Bb/NO). and 81 - l/n for l-l,;.....::. In this case (37) becomes

2, ..
n n

‘Llf-‘
o
i

f [ ;1 2c08¢c x p(d, ) d¢, dé, -— d¢
oy 1 1 \‘1 2

(38)
Since a Costas ioop has 'a 15 to 30 4B ti:acking looé SNR aavmtagg
over a phase-locked loop, it may be beneficial in some cases to use Coatai"loop
receivers to minimigze the effects of receiver phase errors. In an array combin-
ing system with Costas loop receivers, the combining is done at the IF level.

The output of the combiner S(t) can be exptuud as

22
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S(t) = 2 v2P d(t- r)cos [mn,t-l-e (t- -r) -w ‘l”] +n(t)
| (39)

vhere

3c (t) = the Costas loop estimated carrier phase in receiver 1.
i : 4

The signal is mixed with Y2 cos [wn,t + ec(t)] to give

n
s'(t) = : E ay 'ISD d(t-‘ti) cos [un,t + oci(t, 11)] }4- n(t) (40)
i
i=1 N

‘ e (t, "1) =6, (t - ri) - WpTy - Oc(t).
b § i

A comparison between (27) and (40) shows that if u- 0 for i=1,2,...,n, then these

two equationsi are identical except for the subcarrier term. Thus, assuming

a perfect symbol synchronizer, one will get an equation similar to the one given

in (37), 1i.e.,

n/2 B, 2 n ‘
Pe = f' f f 'R Z By cos¢ x I—lp(Qci) dOcldocz-—d,c
-n/2 -1/2 f’ jel 1wl R o

(41)
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.If identical gntama and receivers are uAeed. then o, = a)s Py ™ Ps Bbi - Bb’

and “oi - No’ and 81 = 1/a. Thus (43) becomes

n/2 w/2 - B, n a
1
Pe = f --f £y ;i - E cos¢ci x I Ip(oci) d@cl d¢c2 — d’c
-n/2 “ew/2 (°7 (1=1 1e1 n

(42)

Thus by (37) and (41), ané can express the bit error probability, ‘Pe' on the
Viterbi decoder output as a function of the signal-to-noise ratio of the array
coﬁbining system for ba;seband and IF combining, respectively. |

Let the symbol error prohability of the Viterbi decoder for an ideal
receiver be given by g(Bb/NO). Then the symbol error probability for constant

carrier phase errors ’c » where {=1,2,,.,..,n, is given by

1
. ' 2

n .
8 — 8 cos ¢
. : _No i ey

i=1

-

Thus by the same .pnrocedure discussed in Section II, one can obtain the theoreti-
i cal performance of the concatenated RS/Viterbi coding system for array combining.
The bit error rate versus Bb/No curves for the Viterbi channel and the RS/Viterbi
channel in a one-ﬁay gom_nunication with identical antennas and receivers in the

array combining system are shown in Figs. 16 and 17 for carrier .ttacking loop -

SNR of 11 and 12 dB, recpéctively.
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From these curves one can see the following faéts;
(1) A coded array combining syétem is less sensitive to QOHnlink
carrier phase tracking error than a coded single antehna system,
(2) In an array combining system the‘concat;nated RS/Viterbi coded |
channel still has significant coding gains over a Viterbi-decoded
channel at vary low error probability (510-6) for a weak
downlink.
The same conclusiocns can also be made for the case of two-way communication with
a weak uplink and wéak downlink. Thus based on both the analytical and the test
results gived'in Sections II and III for the single antenna and the array combin-
ing system, respectively, one can see that the concatenated RS/Viterbi channel
is a very effective scheme for providing teliablé comnunication under weak link

conditions.

at
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" - A IV. CONCLUSIONS

Both analytical and éxperimental measurements of the effects of receiver
tracking phase error on the performance of ihe concatenated RS/Viterbi channel
coding system have been presented in this document. These measurements were
obtained under an emulated S-Band uplink and X-Band downlink, two-way space cot~
munication channel. It is shown that the RS/Viterbi coding'scheme has large coding
gains over the Viterbi-decoded convolutional-only coding system when operated
in a weak uplink or a weak downlink, or both, RF environment. It is also shown
that if the Viterb{i decoder maintains its node synchronization, then performance
equivalent to ideal interleaving is obtained with an interleaving depth greater
than or equal to 4.

It is further shown thﬁt because of the large coding gains of the RS/

Viterbi coding scheme, usihg this coding system will permit the transmission of

‘1gh-rate data in conjunction with two-way ranging or doppler measurements when

A

T T Ay i WA WO A VR g e e N 0 e D £ s 1 B TSR A e AL o o n o

operated in the weak uplink and weak downlink conditions in a two-way space com-
munication. The RS/Viterbi coding scheme also offérs more data rate protection
than the Viterbi-decoded convolutional-only coding system in one-way communicatfon.

Finally, the effect of receiver phase errors on the performance of the
éoncatenated RS/Viterbi coding system with array combining is discussed. It is
shown that in an array cdmbining system.the concatenated RS/Viterbi coded channel
still has significant coding gains over a Vitetbi-decoded channel. Thus the

concatenated RS/Viterbi coded channel 1s a very effective scheme for providing

reliable communication under weak link conditioni.
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