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Abstract

A simulation algorithm was developed to analyze the performance of the binary phase shift key (BI’'SK)
Costasloop coupled to the symbol sync loop (SS1,). T‘his algorithm was developed using COM 1)ISCO's
Signal I'recessing Work System. inputs to the algorithm included the signal parameters and receiver
specifications, such as Costas and Symbol Sync I .oop bandwidths and update rates. The analysis was

performed for various signal-to-noise ratios and loop parameters.

The bit-error rate (BER), the SSL, Costas loop tracking variances, and the receiver acquisition time results
include the two-way coupling effects between the Costas loop and the symbol sync loop.To provide
statistical stability, final results were generated by averaging the simulation outputs; using various

random noise seeds, initial carrier phases, and symbol timings.

The tracking variance and BER results were further compared to their theoretical and experimental
countlerparts. This comparison has shown that simulation results are within 0.25 dBof their theoretical
and experimental counterparts. Based on these results, the simulation models can be used for predicting

the demodulator’s performance under various tracking conditions.



1. introduction

The existing Deep Space Network (I EN) receivers of the Jet I'repulsion | .aboratory (JPL) and National
Acronautics and Space Administration (NASA) will be replaced by a digital receiver called the Block V
Receiver [1, 2]. The input frequencies to the Block V receiver are the S-band (2200 to 2300 MHz), X-band
(8400 to 8500 M 117.) and Ka-band (31.8 to 32.4 G] 1z) downlink signals, received from the deep space
satellites exploring the solar system under the direction of JI’1. and NASA. 1 ‘he Block V receiver supports

data formats that use squarewave or sinewave subcarrier mod ylated symbols with a residual carticr, as

well as a binary and quadrature phase shift keyed (BI’SK and QI’SK) suppressed carrier.

‘This receiver uses both software and hardware for processing the received downli nk signals. 1 ‘he receiver
sampling frequency is 160 M} 1z[1). The high-sped processing is performed using the Ga As application-
specific integrated circuit (ASIC) [3], and real-time software is used for implementing the receiver
tracking loop filters and data detection algorithms. This architecture allows for implementing second-
and third-order tracking loops that are easily re-configured with bandwidths that range from .11z to
1.0 kHlz.

The received signals from NASA/]l’l,doop space satellites contain science and engineering data, The
1)SN stations make every possible effort to minimize interference and to receive and decode the signal.
Some of these efforts include using the predicts of the Doppler information and signal-to-noise ratio
(SNIR) at the ground stations to optimize the receiver parameters. Some of these parameters include the
free running frequency and frequency rate of the numerical control oscillator (NCO), and bandwidths of

the loop filters. 1 ‘he optimum receiver parameters are obtained using the analysis results of the receiver.

This paper discusses a simulation algorithm that is developed for studying the acquisition, tracking, and
error performance of the Bl ‘SK demodulator, a major element of the Block V receiver. T‘his demodulator
consists of two coupled subsystems: the Costasloop and the symbol sync loop (§51.).1 ‘performance
analysis includes the convolutional encoder and the update filter. ‘1 *he update filters are used to update

the SS1. and Costas loop-filter inputs at 1 ktlz and 10 kH1z, respectively.

Figure 1 illustrates a simplified block diagram of the digital receiver’s BI’'SK demodulator. The simulation
algorithm used for determining the performance of the SS1 . and Costas loop is implemented at the
symbol rate to avoid excessive simulation time, using the signal processing worksystem (SI’'W) [4].
Therefore, each simulation cycle corresponds to one symbol increment i nstead of a sample increment.
Figure 2 illustrates the SI’'W implementation of the system depicted in Fig. 1 that includes the signal

generator, BPSK demodulator, lock detectors, and signal storage blocks. And, Yig.3 illustrates the




detailed implementation of the B’SK demodulator; it shows the Costasloop, symbol sync loop, and

convolutional decoder.

This roach significantly reduces the computation time as compared to simulating the system at the
sample rate. For example, at the samplin g frequency of 160) MHz and 400 kbps, there will be 400 samples
per symbol; therefore the simulation at the sample rate will be approximate y 400 t i mes longer compared

to the symbol rate simulation.

Sections 2 and 3 present the BP’SK Costas loop and SS1, models, respectively. And, Section 4 presents the

acquisition, tracking, and BER results.

2. BPSK Costas Loop Models

The function al block diagram o [ the suppressed carrier BPSK detector is shownin Fig. 1, For the sake of
simplicity, symbol timing is referenced to the SSI.NCO output.}ence the normalized received symbol
time is denoted by a time dependent variable, Ty, (1). The time difference between the N(O timing and
the received signal symbols is denoted by T (1)7".In practice, the NCO tracks the received symbols,

secking to diminish T, (7). Th erefore, the BI'SK waveform at the front end of the receiver is given by

() = V2d( 4 T,T)sin| o, (1 + 7,7)+ 0,]4 n(r) (3)

where

d(r) =1 = equiprobable random symbols (conwvolutional encoded bits)

T=1R, .. = symbol period

o, = BPSK carrier frequency

(1) =17, — Tg, (1) = symbol timing error normalizedto a symbol period

Teqr, (1) = SSl. estimated symbol timing for time

T, . symbol timing, normalizedto a symbol period, -0.5 (7,< (.5

0, carrier phase, -7 {9,<7

n(f) = additive white Gaussiannoise

From Fig. 4, both analytical and simulatio n tools are used to obtain the perform ance of the B’SK Costas
loop. The outputs of the integrate-and-dump filters are derived analytically, whereas simulation is used
for obtaining the outputs of theloop filters, numerically controlled oscillator, update filter, and phase

detector.
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Section 2.1 presents the analytical derivations of the Costasloop, and Section 2,2 presents the simulation

models.

2.1Costas Loop Analytical Models

FromFig. 1, the outputs of the in-phase (1) and quadrature-phase (Q) arm filters are given by,

S, (0 =d[t + (1) '1']cos{A(o(t)[t +7(1)T]4 0(1)} +n,(1)

@)
So(1) = d1+ r(r)’l‘]sin{Aw( N1 -t T(1)T] -t 9(,)} NG
where
Aw(t)=0,- @, (1) = carrier frequency error
,, (t) =NCO frequency
6(1) =06, - 6,.(t1) = estimated carrier phase error
0, f) = NCO phase
(1) & ny(1) = 1 and Q components of the AWGN
Since the systemof Fig. 1 is a digital system, Eq. (2) can be expressed as
$,(T,) = dGT, + T.T)cos| Aw,(iT, + 77)+ ,]+ n,(T,)
3)

S,GT,) = dGT, + T D)sin|Aw,(iT, 4 T.T)+ 0,]4 nyGT,)

where
i = sampling index,
T = sampling period = I/F,
T,= T(i’]‘s ) ith sample of the timing error (SS1. NCO output)
Aw; = A(U(I'T_c) - jth sample of the frequency error (Costas loop NCO output)
0, = 0(1.7}) - jth sample of the carrier phase error (Costasloop NCO Output)

FromFig. 4, the phase of Eq. (3), {A(Ui (i']'s + T,.'I') + 0,-}, is analytically calculated by using the output of

the NCO and the estimated symbol timing. 1 ‘his calculated phase term and symbol polarity are then used

for calculating the outputs of the matched filters.




From 11q. (3), the outputs of the matched filters implemented using the integrate-and-cl ump filters can be

expressed by

1 n(k+1) 1 n(ktl)
M, (k)=—~ ES, (mT)+ ) n,(mT,)
L L Nt
©
1 ‘ngkdl) . ’;" k41) i
My(k) == N So(mT,)+ - }ln(,(nﬂx)
o, n e
where
n = Integer (T/Ts) = number of samples per symbol

§,(iT)and S,(7T,) = outputsof theland Q arm filters
M, (k) and M, (k) = outputs of the IDF

k = symbol count

sy T crye " .
For Aw,1 ((—2 in Kgs. (3) and (4), we can assume [(IIS 1 1,7)Aw; 4 Oi] does not change in a symbol

period, hence

cod| (i7, + 7.1)Aw, + 0. = cos{(k7'+ ,7)Aw, + 6,} for nk<i<n(k+1) )

where kT and k are the end of the symbol period and the symbol count, respectively.

Figure 5illustrates the relative symbol timing between the received symbols and the Costas matched

filters. From Kqs. (4) and (5) and Fig. 5, we can show that when 'IN". - '11 (7 and 7, <0

M, (k1) = cos](k+ 7, )TA®, + ()k}{|q I, [('i; /1)~ Irkl]d‘ } 1 N, (k)

©6)
My (k+1) = sin{(k + 7, )TA@, + ok}{hkldm (/)1 |](1‘} 4 No(k)
but for T, )()
M, (k+1)~ cos{(k+ 7,)TAw, 4 Hk}{lr‘klm + [(71- /7-) | ”d‘ } + N, (k)
@)

My(k+1)= sin{(k + 7, )TA@, + Ok}{h |d,,, + [(ik/l) - lrk|](lk} + N, (k)

where



n{k41)

N, (k):-;]; Zn, (st)

m=uk
n(kji‘])

N,(k) =— Lno(st)
m= nk

1} is the estimated symbol duration; d,_;,d,, and d,,, are the former, the current, and the next

symbol polarities, respectively.

The outputs of the matched filters in Fig. 4 can be obtained for each symbol using the estimates of the
carrier phase, carrier frequenc y, and symbol timing. The matched filters are then followed by the update
filter, loop filter, and NCQ. The simulation models for the Costas filters and the NCO are described in

Seclion 2.2.

2.2 Costas 1 .00p Simulation Models

Figure 4 illustrates the analytical and simulation blocks that are used for the demodulator analysis. in
this figure, the analytical and simulation blocks are denoted by dark-blocks and clear-blocks, respectively.
Yrom Fig. 4, the 1 and Q components of the matched filters are first multiplied and then averaged using

the update filter. The output of this filter can be expressed as

B (mi]‘)u
AIIQ ("’) == L Ml (k)MQ (1\) for Rvymlm[ 2 Rmuim_ update (8)
k=mu+]
where
. R«ymlml .
1 = integer [ === = numberof symbols per update time for Costas loop

carrier_update

: Costas loop filter update rate (10 kllz, for this analysis)

cars ier update

n1 = update sample count for the Costas loop

It should be noted that the update filter use u samples as input to generate an output sample. Whereas
the (rotas loop is implemented at the symbolrate, the loop filter operates at a different rate called the

update rate.

From Fig. 4, the output o f the update rate filter is first followed by the second-order loop filter operating

at the symbol rate, and the loop filter is followed by the NCO that operates at the symbol rate. The




output of the NCO is then used by the Costas phase detector for calculating the matched filter results.

Also seen from Fig. 4 and Eqs. (7) and (8) is the coupling to the SS1,. The analytical and simulation models
of the SS1, are described in Section 3.

3. SymbolSyncl.oop Models

Figure 1 illustrates the functional block diagram of the symbol sync loop and the Costasloop. Similar to
the Costas loop, both analytical and simulation tools are used to determine the performance of the SS1,
The output of the mid-phase integrator is derived analytically, whereas simulation is used for obtaining

the outputs of the update filter, loop filter, and the NCO.

Section 3.1presents the analytical derivat ions of the §S1., and Section 3.2 presents the simulationmethods.

3.1 SS1, Analytical Models

Figure 6 illustrates the relative timing between the received symbols and the SS1. mitt-phaw integrator

FromFigs. 1 and 6, the output of the mid-phase integrator (windowed 11)1:) is given by

] kntJy knt Jy
W (k) —2‘],”{ 2, ’"7 L”; ll )

m= ke~ Jy m=kn- Jy.

where

VT
Jy = integer (-']'j = number of samples per window, Y’
Y’  single-sidd window, normal ized by the symbol d u rat ion (Y’ < ().5)
S,(m'l's) outputof the in-phase> low-pass filter, givenbyFq.3

From the results of Lqgs.(5)and (9), the output of the mici-phase integrator can be simplified to

knt J
Wk + 1)= cos{(k+ 7,)TAw + 6,1 Y d(mT, -1 ,T) -t NW, (I() (lo)
m=kn-Jdy
where
] knt Jy
Ny (k)= —— n{iT
“I( ) 2\],] nl:;]\yl( S)



Aw,, 0, and 7, are the Costas loop sample frequency error and phase error, and the estimated SS1,

timing error, respectively. From Fig. 6 and for 7', , - 71 (( 7,, Eq. (10) can bereduced to

vvll)lf(k -1 ])
~cos|(k47, )TA®, -t 6, (¥~ 7, )., 4 (Y -t 7,)d )t Ny, (k) for |7, (W

= 2Wd, cos|(k 4 7, )TA®, 46, + Ny, (k) fort, ) o and ().5)|7,|) ¥ 11
= 2%d,_ cos|(k + 7, )TAw, + 0,]+ Ny, (k) for 7,) 0 and (5) |z,|) ¥

The mid-phase integrator is then followed by the phase detector, update filter, loop filter, and the NCO.

The simulation models for the SS1, filters and NCO are described in Section 3.2.

3.2 SS1, Simulation Models

Figure 4 illustrates the analytical and simulation blocks for the symbol sync loop. Similar to the Costas
loop, the analytical and simulation blocksare denoted by dark-blocks and clear-blocks, respectively.

FromFig. 4 and Eq. (1 1), the output of the SS1, update filter can be expressed as

_ @y [ T g0 ) - sen[M,(k -1)
Wsa (/) = 'L]M’]l)}.'lékv)()’l[-l‘.d! gk)] 2\1”[ l( ]}} (12)
k=lv+1 L

where

R
v= intogor( ombal =number of symbols per update time, for SS1

symML.ssynch vpdate
- SS1, update rate, 1 ki1,

R symbol  synch wpdate

M, (k) Kth detected symbol

! update sample count for the SS1, update-filter

Similar to the Costas loop it should be noted that the update filter uses v samples as input to generate an
output sample. Whereas the SS1, updates at the symbol rate, the loop filter opera tes at the update rate.

From Fig. 4, the update filter is followed by the second-order loop filter and the NCO.

Figure 7 illustrates the overallsimulation algorithm. The results Of the simulationare the acquisition,

tracking, and bit-crror rate statistics. These results are presentedfor various loop parameters in Section 4.



4. Simulation Results

Figure 7 illustrates the simulation setup for investigating the performance of the system depicted in Fig. 1.
Table 1 summarizes the signal and the receiver parameters and the corresponding values that are used in
this analysis. For each set of parameters, the simulation is iterated for different noise seeds and the initial

carrier phase and symbol timing,
The receiver is declared in lock if the phase detector outputs meet the following lock criterion:

A <-Z or |07+ % for the BPSK Costas loop and,

AR é for the symbol sync loop
and stays in lock for a period of 10 B for B, the loop bandwidth.

Figure 8 illustrates the BI’SK Costas loop tracking variance versus Ep /N for various Costas loop and SS1,
bandwidths. Figure8 also presents the theoretical tracking variance for the BI’'SK Costasloop. The
comparison shows the simulation results to be withina small margin of their theoretical counterpart. 1t

should be noted that the theoretical calculations do notinclude the couplin g effect between the SSL and
Costasloop.Figure9 similarly illustrates SSI. tracking variance versusEp/Ng for various receiver

band widths.

Figures 10 and 11 present the BI’SK Costasloop and SSI. man time of carrier and symbol timing
acquisition in seconds, versuslib/No, respectively. The mean time of acquisition data is obtained by
averaging the acquisition time for various noise sceds, initial carrier phase, and initial symbol timing;
Figure 12 illustrates the cumulative distribution function (CIDF) of the Costas and SS1, acquisition time for

the coupled loops.

Figure 13 presents the bit-error-rate results versus Epb/No- Also shown in this figure are the experimental
BER results from Ref. 5 for convolu tional coded data with rate = 1/2 and k= 7. The comparison shows the

simulation results to be within 0.25 dB of the measured data.
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Table 1. Simulation Parameters.

System Parameters:

Bit Rate . 20 kbps

Costas up-date rate =10kHz.
SSl. up-date rate =1kllz

SSI. Window = 0.5, normalized to a symbol duration
SS1. frequency error = ().()117.

Number of iterations: 10

Number of simulated symbols: 10,()()()()0()

Coding method: convolutional using Rate=1/2 K-7

Initial Conditions:
Initial. carrier phase , - 7/2<0,< n/2, randomly selected using uniform distribution

Initial symbol timing, —0.5< 7, 0.5, randomly selected using uniform distribution
Noise seed: The noise seed is changed for the number of iterations

Variables:

Costas loop bandwidth = 2,5, 10,20,40,80, and 100}z
SS1, loop bandwidth = 2,5, and 10 Hx.

Carrier frequency error= 1,2.5,5, 10,20,40, and 50 Hz
Fh/Np=3-5dB
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