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Abstract

This paper discusses a code acquisition technique, for
use in spread-spectrum communication system with
large frequency offsets, where the frequency offset is
similar to the symbol rate. This is the situation typi-
cally in satellite communications systems. The tech-
nique uses a very efficient method of performing the
correlation where the frequency and time space can
be searched with very little performance loss. This
means a low complexity, high performance solution to
the problem of code (time) acquisition with frequency
offset can be achieved.

1 Introduction

In the acquisition of direct-sequence code-division
multiple-access signals it is well known that fre-
guency offset has an impact on signal acquisition per-
formance, for example, a 4dB loss occurs when the
frequency offset is half the symbol rate [1]. The prob-
lem is primarily due to oscillator crystals with poor
accuracy, and the Doppler frequency offset.

Our acquisition method is primarily aimed at the
basestation receiver of a satellite mobile communi-
cation system, where fast acquisition procedures are
needed. In this situation the frequency offset is due to
the frequency difference between terminal and gate-
way and the Doppler frequency due to the movement
of the satellite. For the system in question the fre-
guency offset can be as large as the pilot symbol fre-
guency of the system.

Timing acquisition with no frequency offset is
present is a well researched area. The fundamental
references on code acquisition can be found in [2, 3],

where these papers discuss the technique and analyse

code acquisition. A paper that discusses acquisition
when a-priori information on the timing offset is [4],
by knowing the timing a-priori the search time can

be reduced. Other papers that discuss acquisition for
DS/CDMA are [5, 6]. In all these papers, frequency
offset is not considered. Work that does discusses
code acquisition for satellite systems with frequency
offset include [7, 8, 9, 10]. In [7, 10] a FFT corre-
lator for PN code acquisition from LEO satellites is
considered. We show later that this method is com-
putationally complex and not as flexible in terms of
frequency bin selection, compared to our method. In
[8] a design study for CDMA-based LEO satellites is
discussed. Here the authors assume the use of a con-
tinuous wave pilot carrier for Doppler estimation and
compensation. In this proposal such assumptions are
not used. In [9] a similar low complexity approach
to ours is used, however the frequency resolution of
this method is less than ours and the expected loss is
greater.

As is always the case the receiver knows the
spreading code transmitted by the DS/CDMA trans-
mitter. We assume an unknown phase and frequency
of the known signal and that other users are present;
which generates multiple access interference. Finally
we assume that the technique has to function in an ad-
ditive white Gaussian noise (AWGN) channel with or
without the presence of fast and slow fading (Rician
or Rayleigh, and log-normal respectively). Multi-path
can also be considered to be present.

The paper is organised as follows. In Section 2 we
discuss the system model, including the transmission
and channel. Section 3 describes the acquisition unit
and implementation issues. In Section 4 we show re-
sults for the correlator in terms of performance and
complexity.

2 System Model

We model the channel as a discrete-time system with
binary phase shift keying (BPSK) modulation. The
channel adds zero-mean white Gaussian naige



with variances? = N,/2, where N, is the single
sided noise power spectral density. The bits are rep-
resented a€; € {+1,—1} and the phase offset is
represented ag. The channel output signal is then
equal to

y(t) = d(t) exp(j(¢ + 6(2))) + n(t) D
where the phase shift at tintedue to frequency off-
setisf(t) = 2w f(t)/ fs, andfs equals the sampling

frequency of the system.

3 Fast, Efficient DSICDMA Ac-
quisition

Signal acquisition with frequency offsets as large as
the symbol rate requires a multi-dimensional search
over frequency bins and time bins to determine the
timing and frequency offset acquisition points. The
basic method would be to provide a separate fre-
guency rotator for each frequency bin to generate the
frequency corrected input signals and then to have a
single correlator for each frequency rotator.

The frequency rotation can be incorporated into the
spread-spectrum code instead of including it as a sep-
arate frequency rotator function. With this implemen-
tation the spreading code is rotated by the frequency
required. If this is done for any random frequency
then the spreading code becomes a complex number
instead of a binary value as before. This approach
turns out to have even lower implementation com-
plexity as code segments can be re-used by multiple
frequency correlators.

In our system a special constraint is placed on the
rotation of the spreading code. This constraint is not
on the possible frequencies. The spreading code will
be only allowed to be rotated by amounts of 45 de-
grees. This means that the spreading code can take
the following values as shown in Table 1. The val-
ues at 45,135,225 and 315 degrees are simplified by
taking 1 + j instead ofv/2(1 + j). This means the
possible rotation points for the frequency compensa-
tion are the four corners of the unit square plus the
axis crossing points, instead of points on the unit cir-
cle. This increase in amplitude on the corners of the
unit square causes, on average, only a change in the
gain of the correlator result.

A simplified example is now shown in Table 2 for
the case when the spreading code equafsr all
chips. The first column is the spreading code for the
OHz correlator. We assume a processing gain of 8
for this example and a symbol rate of 100 Hz. The
second column shows a modified code for +100 Hz
(one full clockwise rotation) and the third column

Angle Spreading Code Value
0 degrees 1450

45 degrees 145

90 degrees 0+

135 degrees —-1—j1

180 degrees -1+ 30

225 degrees —-1—j1

270 degrees 0—j1

315 degrees 1—41

Table 1: Possible Spreading Code Values

shows a modified code for the -100 Hz (one full anti-
clockwise rotation). Column four and five shows a
modified code for a positive and negative 50 Hz (half
of one rotation), respectively. Note this is an example
with unrealistic processing gain and frequency offset
but it is shown to illustrate the technique. These "ro-
tated” codes are then used by the various frequency
offset correlators to perform correlation at the differ-
ent frequencies.

OHz | 100Hz | -100Hz | 50 Hz | -50 Hz
1 1 1 1 1
1 1+]j 14 1 1
1 + S 1+ 14
1 -1-j -1 1+ 14
1 -1 -1 j -
T I T T i
1 A + -1+ -1
1 14 1+ -1+ -1

Table 2: Example of Rotated Spreading Codes for
Correlator

As can be seen here correlation of these values is
simply the addition or subtraction of real and imagi-
nary components. Complex multiplication functions
are avoided and the complexity is therefore the same
as the 0 Hz frequency offset correlator.

3.1 Practical Implementations

In a practical implementation, a number of correlator
taps are combined into segments and these segments
are then rotated. The length of segments depends on
the frequency offset required. The rotated segments
I + j@Q are built according to the following formula:

I+jQ = (a+jb)(i+jq)

where(a + jb) is the rotation vector for the different
angles, as shown in Table 1 afich- jg) is the com-
plex spreading code segment before rotation(complex



spreading code). This leads to the calculation rule for
| and Q where the result is shown in the columns of
Table 2.

To build the segments for the different frequency
bins, an adder tree is built and the sums for the dif-
ferent segments can be taken out of this tree. This
method reduces complexity further as segment corre-
lation results can be used for more than one frequency
offset.

Our technique is substantially more flexible than
the FFT approaches [7] as our frequency bins can be
selected at any value and are not restricted to multi-
ples of the inverse of the sampling rate. Our imple-
mentation has less loss than the method in [9] as they
only use the unit square corner points and therefore
suffers a greater loss of up to 3dB, as reported. Our
loss is restricted to less than 1dB and the minimum
loss of each correlator is less than 0.5 dB.

4 Performance and Complexity

Performance of the correlator under noiseless condi-
tons with the correct timing point is shown in Fig-
ure 1. Here the loss over frequency is shown. The
specific example is for a maximum of +/-15 kHz fre-
guency offset with an assumed symbol rate of 15
kHz. The OHz correlator output has to be normalised
against frequency offset correlators as the absolute
amplitude of the correlations is 1 compared to on av-
erage(1.414+1) /2 for the other frequency bins. This

is evident from Table 2. What can be noted from this
diagram is that no more than 1 dB of loss occurs over
the entire frequency range.
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Fig. 1: Power Loss of Correlators over Frequency

The technique discussed here can be successfully
used for non-coherent correlation and combinations

of coherent and non-coherent correlation techniques,
signals are unmodulated in the implementation but
modulated signals can also be used (in this case the
coherence length can be no longer than one symbol).
The system can select un-evenly spaced frequency
bins with no impact on the design complexity or im-
plementation.

In Figure 2 the performance of the correlator sys-
tem as a function of probability of detection is shown.
This test was performed at @i /N, = 1dB on an
AWGN channel for 30 experiments at each frequency
point. For each experiment the maximum value in
each frequency bin at the correct timing point was se-
lected. The graph shows the probability of each cor-
relator producing the maximum value at a particular
frequency offset. It is clear to see from this that the
correct frequency bin would be selected at the correct
time, given there is no false alarms and missed detec-
tions.

Estimated Probability (normalised)

Fig. 2: Performance of Correlator &, /N, = 1 dB
from -15kHz to +15kHz

In Table 3 the complexity of our scheme is com-
pared to the basic method and the FFT method fre-
guency rotation. The complexity indicated is the com-
plexity per symbol per time position per frequency
bin, whereN is the processing gain of the symbol.
Here it can be seen that our scheme has substantially
less complexity than the other techniques. By avoid-
ing the need for the multiplication function we dra-
matically reduce our implementation complexity.

5 Summary

In this paper we have discussed a new technique
for acquisition of a DS/CDMA signal with large fre-
guency offset. This technique finds application partic-



Method Real Additions| Real Multiplies
Proposed Method 2N -

Basic Method 4N 4N

FFT Method 3Nlog, N 2N log, N

Table 3: Comparison of complexities

ularly in satellite mobile communications at the gate-
way where the frequency offset is not known.

We first discussed the channel model and then de-
scribed in detail our technique. The performance is
shown in terms of loss and in terms of detection prob-
ability at low E; /Ny levels. The computational com-
plexity is also investigated and compared to that of the
basic method and the FFT method.

This technique has being implemented in a
Satellite-UMTS system for the European Space
Agency (ESA) and is in the process of being patented
[11]. The realisation is in HDL code and runs on an
FPGA.

In conclusion we have introduced a new method of
acquisition for DS/CDMA with large frequency off-
sets and taken this design through to a hardware real-
isation where it is used in a UMTS testbed. We have
also discussed important design issues, such as com-
plexity, and performance such that the system can be
successfully implemented.
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