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Abstract— This paper presents a novel system for gener-
ating, and switching between, a large number of Gold codes
for use in a spread spectrum network. The underlying the-
ory behind the choice of Gold codes is briefly discussed, and
a method for reducing the amount of hardware required is
introduced. The system is implemented using a Xilinx Lo-
gic Cell Array, and it is shown that use of a multiplexing
arrangement can reduce the amount of hardware by a factor
proportional to the number of transmitters in the network.

I. INTRODUCTION

N order for a code division, multiple access (CDMA) net-

work to function effectively it is essential for each trans-
mitter to use a unique, identifying code. In a spread spec-
trum network, this code is referred to as the transmitter’s
PN code (or Pseduo-random Noise code), and it is this code
which is used to modulate the transmitted data, thereby
spreading the signal.

The network discussed here assumes the use of a single
receiver with multiple transmitters. Each transmitter is
allocated a unique spreading code and the receiver switches
rapidly between each code, resynchronising to the required
transmitter’s PN code as it switches.

In order for a receiver to de-spread the required signal it
must be able to generate the relevant spreading code and
synchronise itself to the incoming bitstream. With a con-
ventional transmitter-receiver pair, the amount of hardware
can be excessive and difficult to optimise, but with a large
network it is possible to multiplex the receiver’s locally gen-
erated code to switch between transmitters. By multiplex-
ing at the receiver, a significant reduction in the amount of
hardware is possible (directly proportional to the number of
transmitters). The reduction in hardware can be achieved
through the use of a conventional spread spectrum receiver
which is able to dynamically reconfigure itself to synchron-
ise to different spreading codes. Such a system is presented
here, and consists of a Xilinx Logic Cell Array (LCA) con-
taining a lookup table, the code generating logic, and a
multiplexing subsystem.

II. CHOOSING A GOLD SEQUENCE

In spread spectrum applications it is desirable to use bal-
anced sequences, that is, there is an almost equal number
of ones and zeros in the pseudo random code (in fact the
number of ones must exceed the number of zeros by one).
This is essential since it ensures that any DC component
of the sequence can be neglected since any code imbalance
will be clearly obvious as unwanted peaks in the resulting
spectrum; thus giving a clear indication of the code clock

rate. Such a feature is undesirable as it allows a third party
to locate, and possible interfere with, the transmitted sig-
nal. Since one of the motivations behind a spread spectrum
system is to conceal the signal, there is little point in advert-
ising it’s presence with clearly visible peaks at multiples of
the chipping rate.

Gold codes are ideally suited for use in a CDMA net-
work because of their near optimum cross correlation prop-
erties [1]. In addition to this, they also possess the desirable
characteristic of being able to generate a large number of
different sequences for a given polynomial combination.

It has been established that Gold codes have three-level
cross correlation values [2]. If we assume a generator with
n stages, producing a PN code of length L = 2™ — 1, then it
is seen that when n is even (and not 0 mod 4), 75% of the
codes generated have a cross correlation bound at —1/L.

Gold codes are readily constructed using two related
maximal length sequences (also known as m sequences). It
is generally accepted that two fixed length shift registers are
used, each with fixed feedback taps. The position of these
taps is derived from the characteristic phases of the chosen
maximal sequences, and determines the overall character-
istics of the code generator. Each shift register is loaded
with a set of initial conditions - these initial conditions de-
termine the actual code to be generated. In order to gen-
erate a number of different codes with the same hardware,
all that is required is a change in the contents of one of the
initial shift registers; the other does not need to be adjus-
ted. The configuration of the hardware remains the same,
and does not need to be altered. Hence, we can produce
a large number of Gold codes with a simple piece of fixed
hardware, and a variable input to one of the shift registers.

The choice of initial conditions to one of the shift registers
is very important. It is possible that any random choice of
bits will produce a PN code, but it is highly likely that
such a code will not be balanced, and will not possess an
optimum cross correlation value. In order to produce an
efficient code, a fixed procedure must be followed. Such
a procedure is complicated, and involves the long division
of polynomials. Once such a division has been performed,
the calculation of optimum cross correlation codes then fol-
lows relatively easily. By shifting one of the sequences past
the other, and xoring them together, another Gold code is
produced. This Gold code may, or may not be balanced,
but since balanced codes are preferable, it is important to
choose the original code combination carefully.

Bekir [3] used moments to establish the upper and lower



bounds on the probability functions for cross correlation
values of sets of Gold sequences. Weber et al. [4] was
then able to conclude that for a set of Gold sequences of
degree 13, the effect of other users in a CDMA network can
effectively be modelled as a Gaussian random variable at
the receiver. Thus, for the network discussed here, a code
sequence of degree 13 was chosen.

Following the Gold—derived algorithm outlined by Dixon
[5], a pair of preferred polynomials was chosen to give the
required cross correlation properties. Peterson and Weldon
[6] present a table of irreducible polynomials up to degree
34. Choosing the initial polynomial of degree 13 as 20033,
it follows from Dixon [5] that the second polynomial can

be calculated using the relation 2 - + 1 = 65 where n is
the degree of the sequence. Using the tables from Peterson
and Weldon [6], we find that for a sequence of degree 13,
with polynomial root 65, our required polynomial becomes

33343. Hence our two polynomials are

20033 — 010 000 000 011 011
ie,
fx)y=aB+at 425+ +1 (1)

and,
33343 — 011 011 011 100 011

ie,
g@) =B + o2+ 2% 2" a4t 1 (2)

The characteristic sequence generated by the shift register
corresponding to polynomial 20033 is given by h(z)/f(x)
where

h(z) = dz - f(x)) (3)

with co—efficients interpreted mod 2 ie,

A (z+2? + 2% +2° + 2'%) mod 2
1+z+ a3+ a2t 4213

(4)
now the numerator is given by
(1+ 22 + 423 + 52* + 142"%) mod 2 = 1 +2*  (5)

thus the characterisitic phase (the initial conditions) can be
found from the quotient

1+a2*
l+x+a3+at+213

(6)

=1l+a+224+02>+ a2t +2° + 025 4+ 27
+2% 4+ 00 + 210+ 2 0212 + ... (7)
hence the initial conditions, 11101101101 10.

These initial conditions determine the power—on state of
the lower shift register, and do not need to be altered to
produce different Gold codes. In order to generate an al-
ternative Gold code, the initial conditions of the upper shift
register are loaded with different values. The only restric-
tion on these values is that the first stage (the one on the

right) contain a zero. If this is not the case, an unbalanced
code will be produced and as a result will possess a non—
zero DC offset. The structure of the resulting Gold code
generator is shown in figure 1, where the lower shift register
has a fixed set of initial conditions, and the upper register
can be dynamically configured.
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Fig. 1. 13 stage Gold code generator

III. HARDWARE IMPLEMENTATION

Two different hardware configurations were implemen-
ted. The first was a very simple multiplexing arrangement
with a number of obvious disadvantages; and was construc-
ted to provide a reference with which to compare a more
realistic design. The second hardware implementation is a
much more efficient structure, and has a large number of
advantages over the simple multiplexer.

The hardware designs presented here were verified us-
ing a Xilinx XC4003A Logic Cell Array (LCA), commonly
known as a field programmable gate array (FPGA). This
device was chosen simply because a development system
was already available which allowed immediate verification
of hardware performance. The XC4003A has 100 configur-
able logic blocks (CLBs), and a typical gate count of 3000
gates. This device also has the ability to provide user—
defined ROM, which is exploited in the optimised design
presented here.

In order to prove the effectiveness of an optimised mul-
tiplexing arrangement, an initial hardware layout was con-
structed whereby copies of the basic Gold code generator
were used. Each copy used an identical shift register config-
uration, but the initial conditions fed to the upper register
in each case differed. The output of each of these individual
Gold code generators were then time division multiplexed
into a single output. The overall structure of this device is
shown in figure 2.

As would be expected, such an implementation is not
very efficient, and there are obvious drawbacks to this
design. In particular, the number of CLBs required is dir-
ectly proportional to the number of transmitters in the net-
work. For a large network, the available on—chip resources
will very quickly become exhausted. It is clear that only
one particular sequence generator is in use at any one in-
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Fig. 2. Simple multiplexing system

stant in time. The others are simply occupying resources
which may be better utilised.

Using an XC4003APC84-5 as the target device, the
structure shown in figure 2 occupied 106 of the possible
200 CLB flip—flops. The maximum clock speed was 29.6
MHz before any optimisation. By specifying critical nets,
and applying a lower priority to the slow speed multiplex-
ing circuitry, the maximum clock rate was increased to 36.6
MHz. The number of CLBs is very limiting, since there is
only provision for seven transmitters per receiver before the
gate array is fully utilised. It is clear that another method
of multiplexing between sequences is required.

Since each Gold code generator has 13 stages, the max-
imal length of the resulting code is 2'3 — 1 = 8191 bits. We
must subtract one from the total since we have excluded
the all-zeros state which would cause the sequence gener-
ator to become locked, only generating a zero output. It is
important to note that in a Xilinx FPGA implementation,
the conventional XOR gates in the shift register feedback
are replaced with XNOR gates and the all-ones state is
excluded. This is because under normal operation, Xilinx
flip—flops wake up in the all-zeros state [7].

In order to reduce the amount of hardware required, and
to increase the utilisation of the available FGPA resources,
an alternative method of generating a large number of Gold
codes is presented. Such a method only requires a single
pair of shift registers, with one having a fixed preset con-
dition, and the other having a dynamic allocation of initial
conditions. The block diagram is presented in figure 3; and
includes a lookup table in ROM which contains the neces-
sary initial conditions for the upper shift register.

Alfke [8] presents a method of producing very efficient
pseudo-random sequence generators using a Xilinx gate ar-
ray. By replacing the conventional flip-flop design with a
RAM-based design, an enormous reduction in CLB occu-
pancy results. Alfke was able to take a 63 bit shift register,
normally requiring 32 CLBs, and implement it using only
four CLBs. Unfortunately, such a RAM-based approach is
not possible in our case because of the selective feedback
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Fig. 3. Optimised hardware solution

required to produce Gold codes. Alfke’s choice of a 63 bit
generator was deliberate as it provides conveniently simple
feedback. Although using a RAM-based approach was not
possible, the method employed by Alfke to load the initial
values is the same as that used here.

It was decided to use a lookup table of eight bit words,
since this allowed the use of exisiting Xilinx symbols such as
an eight bit parallel to serial convertor. The choice of eight
bit words limits the number of configurations to 28 = 256,
which is considered sufficient for the network under discus-
sion. The depth of the lookup table determines the number
of possible transmitters in the network. For example, an
initial choice of four entries was decided upon to allow a
comparison with the simple multiplexing circuit. The com-
plete system utilising a 4 x 8 lookup table required 48 CLB
flip-flops, which is less than that of the basic multiplexer
circuit. This optimised design was able to achieve a clock
speed of 62.9 MHz, again exceeding the performance of the
basic design. The comparison between these two designs
in shown in table 1.

TABLE 1
SYSTEM COMPARISON USING FOUR TRANSMITTERS

| | Simple MUX | Lookup Table |

CLB flip-flops 106 48

Function gen’s. 15 29
Clock rate 36.6 MHz 62.9 MHz
Routing time 4:30 min 3:40 min

Where possible, all parallel paths were converted to serial
bit streams in an effort to minimise logic congestion, and
thus increase the routing performance. Although it is sim-
pler to load the initial conditions into the shift register using
a parallel load technique, a serial based approach is more
efficient. The parallel output from the ROM was conver-
ted into a serial stream, and then clocked into the Gold
code generator using the same high speed clock as used for
code generation. This technique required the implementa-
tion of dedicated control logic to disable the feedback from
the intermediate shift register stages, and allow the loading
process to take place.

In order to show the effectiveness of implementing this



design using a ROM based approach, the length of the
table was increased to a maximum of 256 entries. This
is the maximum length of a RAM or ROM based memory
element implemented in a Xilinx XC4000 device. Figure 4
shows the performance characteristics of this design for a
varying number of entries in the lookup table. It can be
seen that such a design far outperforms the simple multi-
plexing system, both in terms of resource utilisation, and
the maximum number of transmitters which can be acco-
modated. The maximum clock speed attainable by both
designs using a varying number of transmitters is shown in
figure 5. Again, it is seen that a ROM based multiplexing
Gold code generator offers superior performance to a simple
time-division multiplexing sequence generator.
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Fig. 4. FPGA utilisation for both structures

IV. CONCLUSION

A method of multiplexing between a large number of
psuedo-random Gold codes has been presented. Such a
system is likely to prove invaluable for CDMA networks
where a single receiver and several transmitters are used.
A comparison was drawn between a simple time division
multiplexing system, and a design optimised to reduce the
amount of hardware. The ability to configure the Xilinx
4000-series devices as ROM was exploited in the design of
the optimised solution. It was shown that use of a dedic-
ated Gold code generator for each PN sequence dramatic-
ally reduces the number of transmitters in a single receiver
network. Using a lookup table to dynamically configure a
single Gold code generator was shown to not only increase
the number of allowable transmitters, but would also re-
duce the amount of hardware required. It is the authors’
opinion that with further work an increase in clock speed
is likely, along with a possible reduction in the CLB occu-
pancy. Currently work is progressing towards the develop-
ment of a delay-lock loop based receiver using the optimised
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Fig. 5. Maximum clock speed for both structures

switching method presented here.
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