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DESIGN OF A PARALLEL MULTI-CHANNEL BPSK
DIRECT-SEQUENCE SPREAD-SPECTRUM RECEIVER

Li Sanzhong    Zhang Qishan    Cheng L L

ABSTRACT

A parallel multi-channel receiver for binary phase shift keyed (BPSK) direct-sequence
(DS) spread-spectrum (SS) is introduced in this paper. It adopts a Costas carrier
frequency-tracking loop which maintains frequency lock rather than phase lock, and the
delay-lock error can be noncoherently obtained to track the PN code. For airborne
applications, this method will extend effectively the receiver’s tracking dynamics range for
the carrier Doppler shift. A erasable programmable logic device (EPLD) is applied to get
the advantage of smaller size and higher flexibility. A high speed microprocessor
(TMS320C30) which acts as the processing unit of the receiver is used for acquiring and
tracking of the carrier and PN code by digital signal processing algorithms. This receiver is
more flexible and is easily improved by reconfiguring the EPLD and modifying the
software algorithms. Its fundamental principle is described in the paper.
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INTRODUCTION

The performance test program of small vehicles is being conducted by the Beijing
University of Aero. & Astro. As an important part of the program, a multi-target
telemetry system based on code-division multiple access (CDMA) is adopted to collect
multipoint flight-state data. High reliability and interference rejection during the period of
data transmission should be guaranteed. A new all-digital parallel multi-channel BPSK
direct-sequence spread-spectrum receiver has been developed. The receiver is critical to
the overall performance of the system since it is responsible for demodulating the
transmitted telemetry data and at the same time provides data to computers for data
processing and analyzing.

The receiver is comprised mainly of two parts, the frequency downconverter and the IF
demodulator module. The frequency downconverter is realized by an RF module product,
it converts the RF telemetry signal to the required IF signal and then implements the A/D



conversion to produce the digital output. The IF demodulator can provide up to 12
tracking and acquiring channels at the same time, and spend less time in acquiring the PN
code through serial-parallel combined PN code searching. By using an frequency-tracking
loop (AFC) tracking algorithm, The receiver can track the carrier in the worst case of
500Hz Doppler drift. It adopts the delay-lock loop and carrier-aided approach to track
the PN code with less phase error. Through the reasonable selection of algorithm
parameters, the receiver has an relatively wide bandwidth to accommodate the Doppler
on both the clock frequency and the carrier frequency.

THE RECEIVER OVERVIEW

The block diagram of the receiver is shown in Figure 1. It includes a frequency
downconverter, an AGC unit, an A/D converter, a 12-channel digital correlator and a
TMS320 microprocessor system. The frequency downconverter converts the downlink S-
band telemetry signal down to the required IF signal. The IF signal is then amplified by
the AGC unit to within a certain range and fed into the A/D converter to produce a
baseband digital signal output. The 12-channel digital correlator is the core of the
demodulator. Through soft processing and controlling of the TMS320, it is responsible
for acquiring the PN code and tracking of the carrier and PN code in the case of Doppler
drift, and demodulating data. The TMS320 is the control unit of the receiver. It carries
out all kinds of signal processing algorithms and directly controls the digital correlator to
realize tracking of the spread spectrum signal. The demodulated telemetry data is
provided to computers for data processing and analyzing through the output unit.
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Figure 1.  Block diagram of  the receiver

The digital correlator is realized by utilizing the EPLD design technology. It can provide
12 identical signal tracking channels, each with the block diagram shown in Figure 2.
Each channel is comprised of a carrier digitally controlled oscillator (DCO), PN code
DCO, PN code generator, early-late difference code generator, carrier mixer and PN
code mixer. All these components are programmable. By the control of the TMS320,
each tracking channel can be individually programmed to generate a required local
replica signal to acquire and track the spread spectrum signal. According to the values in



accumulate and dump registers at each time, the TMS320 can implement acquiring and
tracking algorithms and finally fulfill the data modulation.
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Figure 2.  Block diagram of tracking channel

FUNCTIONAL DESIGN OF  THE RECEIVER

In general, there are two different designs, coherent and noncoherent. They differ with
respect to the technique for tracking the carrier and extracting the delay-lock error. The
coherent receiver establishes phase lock with the carrier, coherently demodulates the
delay-lock error, and extracts the biphase data. The noncoherent receiver demodulates
the delay-lock error without being phase-locked, as shown in Figure 3. A frequency-
tracking loop(AFC)  is utilized to compress the loop bandwidth so as to improve the
signal to noise ratio in the delay-lock loop. The AFC loop can track the dynamics on the
carrier without excessive frequency error. However in the final stage, a phase-locked
loop must be added to demodulate the biphase data. Figure 3 shows an “add” Costas
loop for this purpose. However, it should be noticed that maintenance of the PN code
synchronization is not dependent upon the Costas loop operation which just only
implements the required data demodulation.

For the purpose of analyzing the receiver, a sampling rate is assumed at the correlator
output, and the filter after the correlation is presumed to be an integrate-and-dump over
the sampling interval T . Let

τ = Epoch of  PN code
θ = Carrier phase
ω = Carrier frequency

The received signal is given by
( ) ( ) ( )S t m sPN t t= − +2 τ ω θcos (1)

Where s  is the received signal power, m is the biphase data demodulated on the carrier,
and the ( )PN t  denotes the pseudorandom code producing the spectrum spreading.



In the receiver, the receive signal is correlated with a replica spread spectrum signal
generated with the estimates τ ,θ ,ω . In the case of no noise, the integrate-and-dump
samples at the two
correlator outputs are modeled by the quadrature components [1]

( )[ ] ( ) ( )I m c T R= − − −sin cosω ω τ τ θ θ2 (2)

( )[ ] ( ) ( )Q m c T R= − − −sin sinω ω τ τ θ θ2 (3)

and
( )[ ] ( ) ( )IC m c T R= − − −sin cosω ω τ τ θ θ2 ∆ (4)

( )[ ] ( ) ( )QC m c T R= − − −sin sinω ω τ τ θ θ2 ∆ (5)

Where ( ) ( )sin sinc x x x= , ( )R τ  is the cross correlation function of the received PN code
with the replica, and ( )∆R τ  is the correlation of the received PN code with the early-delay
difference code for τ  advanced and retarded by half the PN chip duration. Equations (2),
(3), (4) and (5) will be the basis of all the processing algorithms in the TMS320.
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Figure 3.  Noncoherent receiver

CARRIER TRACKING LOOP

We now treat the AFC loop by a similar linearized analysis. A discriminator
characteristic can be obtained from the cross-product and dot-product of two time-
sequential sample pairs. Thus,

( )[ ] ( )f SGN Dot k Cross kk = (6)

where
( )Cross k Q I I Qk k k k= −− −1 1 (7)

( )Dot k I I Q Qk k k k= +− −1 1 (8)



The value of f k  is proportional to ( )ω ω− T  for small frequency errors. If the initial
frequency error is large, (6) will be invalid. In this case, an aided frequency acquiring
loop is utilized to greatly decrease the initial frequency error so as to make (6) valid. This
loop is not shown in Figure 3, it resides entirely in the frequency tracking algorithm.
Discretizing a second-order Jaffe-Rechtin filter with bandwidth BLF  and normalizing f k

to the correlation power, the AFC algorithm can be obtained by [2],
& &ω ω ωk k nF kf+ = +1

2 (9)
ω ω ω ωk k k nF kT f+ = + +1 2& (10)
θ θ ωk k k T+ = +1 (11)

where  ω nF LFB= 1.89  .

The method to check whether the AFC loop is locked can be done by smoothing the dot-
product over a number of samples. The quantity averages to zero until the loop is locked,
which in turn drives the cross-product to zero. Once the loop has locked, the average
value of the dot-product can also be used to estimate the signal power.

PN CODE TRACKING LOOP

The delay-lock loop is now analyzed. As shown in Figure 3, the delay-lock error is given
by

e IC I QC Qk k k k k= + (12)
The delay-lock error is linear for small τ τ− . To guarantee that (12) is valid, the τ τ−
should be limited to within ± 1

2  PN chip. This requirement can be meet by the PN code
acquiring algorithm. Because the Doppler drift on the PN code clock frequency is a
known fraction of the Doppler on the carrier frequency, the frequency drift ω k

*  estimated
from the carrier tracking loop can be scaled to remove most of the dynamics from the
delay-lock loop. This is a so-called carrier-aided method which is not shown in Figure 3.
Thus, the delay-lock loop can be a first-order with a very narrow bandwidth. The PN
code tracking algorithm adopted in the receiver is given by

( )τ τ ωk k LC k kB T e r+ = + +1 4 *  (13)
Where BLC  is the loop bandwidth, and r denotes the scaling ratio.

DATA DEMODULATION

The Costas loop provides a coherent phase reference for BPSK demodulation. It
eliminates any leftover phase error due to the AFC algorithm and rotates the carrier phase
error to the nominal zero phase. The rotation algorithm is given by

I I Qr k k= +cos sinθ θ (14)
Q Q Ir k k= −cos sinθ θ (15)

( )θ k r rSGN I Q= (16)



In the adopted spread spectrum demodulation, the bit timing is synchronized from the PN
code period. Therefore, a bit synchronization loop is unnecessary. In this case, I r  can
directly give a representation of the current data bit. The phase rotation of the samples for
the Costas tracking is done computationally. To decrease the computational loading of
the TMS320 CPU, the computation of the functions sin( ) and cos( ) are realized through
look-up tables.

PN CODE ACQUISITION

In the spread spectrum receiver, despreading is always started from the initial acquisition
of  the phase of  the PN code. There are mainly two methods for searching the PN code,
serial searching and parallel searching. Serial searching utilizes a single correlator to
search the PN code on the total code length until the required correlation value is found.
Parallel searching utilizes many correlators to simultaneously search the PN code on the
different replica PN code phases, and the maxim correlation value can be selected to be
the acquired signal.

A tradeoff between acquisition time and hardware cost is considered in the desgin of the
receiver, therefore a combined serial-parallel searching is adopted in the code acquisition.
Three correlation channels are used to acquire the PN code for a spread spectrum signal.
The serial searching is utilized for each channel. A replica-step search for the rough PN
code position is used. This means that the locally generated PN code is stepped by half
the chip after each correlation. If the correlation value is larger than a certain acquisition
threshold, the step is stopped and the signal tracking can be started, otherwise the process
is repeated. The experiment shows that this method can effectively reduce the average
time of  code acquisition.

TEST RESULTS

The performance of the receiver was tested in a laboratory simulation. In the laboratory, a
spread spectrum signal was generated at IF with a postulated dynamics. The IF signal is
centered at 4.309 MHz, and the upper bounds on the change of the centered frequency
are 3500Hz, 400Hz/s, 200Hz/s2, respectively. The modulated data rate is 1.023Kbits/s.
The PN code rate is 1.023Mchip/s. Gaussian noise was added to the IF signal. The
receiver is tested for bit error-rate performance as well as avervage acquisition time.
Figure 4 shows bit error-rate (denoted as Pe) measurements taken with and without the
postulated dynamics. Figure 5 shows average time of  the code acquisition (denoted as
TA) measurement taken with the postulated dynamics.



CONCLUSION

In the receiver, A noncoherent PN code tracking is utilized with an AFC to reduce the
predetection bandwidth despite the large Doppler due to the platform motion, so the
signal-noise ratio in the delay-lock loop is greatly improved. Since EPLD and TMS320
are adopted in the design of the receiver, the flexibility and reliability  are greatly
improved.

In laboratory testing of the receiver with simulated dynamics, the performance has been
found to closely match the goals established by theory and meet the task requirements.
This receiver will be certainly put into practice.

- 3 5 - 3 0 - 2 5 - 2 0
1 0

- 5

1 0
- 4

1 0
- 3

1 0
- 2

1 0
- 1

1 0
0

I F  I n p u t  S N R ( d B )

P e

Figure 4.  Measured Bit Error Rate
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