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Abstract Based on the brief account of the performance

analysis result of the direct sequence spread spectrum

(DSSS) system against a single tone continuous wave

(CW) interference obtained from the traditional standard

Gaussian approximation (SGA) hypothesis, the math-

ematical expression of the interference component of the

symbol decision variable in the periodic sequence DSSS

system under CW interference was deduced and the

actual performance of the periodic sequence DSSS

system against CW interference was researched through

theoretical analysis and numerical simulations. The

results indicate that the interference component of the

symbol decision variable in the periodic sequence DSSS

system under CW interference operates at a constant

level or fluctuate monochromatically, which does not

approach the standard Gaussian distribution, and the

actual performance of the periodic sequence DSSS

system against CW interference is completely different

from the analytic result resorted to the standard

Gaussian approximation (SGA). The bit error perform-

ance is correlative not only with the interference-signal

ratio (ISR), the frequency offset and the phase of the CW

interference sensitively, but also with the individual

spread spectrum code sequence.

Keywords direct sequence spread spectrum, perform-

ance analysis, periodic sequence, CW interference,

standard Gaussian approximation

1 Introduction

Performance analysis of direct sequence spread spectrum

(DSSS) communication under several familiar interfer-

ence types, such as wide-band, narrow-band, single-tone

and multiple-access interference, is usually based on the

hypothesis of the standard Gaussian approximation

(SGA) or the improved Gaussian approximation

(IGA). That is, no matter what kind of interference it

is, a symbol decision variable produced by the correlative

de-spreader in a DSSS system receiver is regarded

approximately as a Gaussian distribution. Under this

hypothesis, as long as the mean of the signal component

and the variance of the interference component in the

symbol decision variable are estimated, the bit-error-rate

(BER) can be evaluated with the expression of the error

function (erfc-function or Q-function). This kind of

analysis is widely applied and presented in abundant

literatures for its theoretical convenience in application

and conciseness in its conclusion [1–12].

For a long-code DSSS system, the period of the spread

spectrum sequence is far longer than the interval of a

message symbol. Each message symbol uses a different

pseudo-noise (PN) sequence to spread spectrum, so that

the spread spectrum sequence can be regarded as an idea

random sequence with independent and identical distri-

bution. This analytic method is accurate enough under

this circumstance. But as known to us, for the ease of

realizing the code synchronization and control of the

cross-correlation characteristic of the codes in CDMA

communication network, some DSSS systems utilize

short-code to spread spectrum, where each message

symbol uses the same length-limited PN sequence, such

as an m-sequence or a Gold-sequence, to spread

spectrum, and the spread spectrum sequence is a fixed

periodic sequence with the periods equal to the interval of

a message symbol. This kind of spread spectrum manner

is also called periodic sequence spread spectrum. The

characteristic of a periodic sequence is not the same as

that of an ideal random sequence with independent and
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identical distribution, which in consequence results in

that the SGA hypothesis in the traditional performance

analysis method does not always support a periodic

sequence DSSS system.

The single-tone continuous wave (CW) interference is a

simple but important interference type. But in the process

of theoretic analysis and simulation on the performance

of a periodic sequence DSSS system, it has been found

that a symbol decision variable produced by the

correlative de-spreader in a periodic sequence DSSS

system receiver under CW interference does not

approach the standard Gaussian distribution. It has been

proven that the interference component produced by the

CW interference passing through the correlative de-

spreader in a periodic sequence DSSS system receiver

varies sinusoidally and a method to compute the

frequency and magnitude is presented in Ref. [13]. This

paper focuses on the practical performance analysis of a

periodic sequence DSSS system under CW interference.

First, the result obtained from the traditional SGA

hypothesis is briefly presented, then the mathematical

expression of the interference component of the symbol

decision variable in a periodic sequence DSSS system

under CW interference is deduced with theoretical

analysis. Following that the performance of the system

is simulated, and finally the results of the theoretical

analysis and the numerical simulations are discussed and

the conclusions are presented.

2 System model

For convenience of the analysis, the DSSS system with a

rectangular pulse-shaping BPSK modulation is taken

into account, and the chip-matched filter is equivalent to

an integration-dump. The analysis model of the system is

shown in Fig. 1. A message symbol interval is supposed

to be Tb, the corresponding message symbol rate is

Rb5 1/Tb, the chip interval of a spread spectrum code is

Tc, and the spread multiple is N, and naturally Tb5NTc.

Through ignoring the influence of thermal noise and

assuming the case with only CW interference, the

received signal can be expressed as

r tð Þ~s tð Þzj tð Þ, ð1Þ

where s(t) is DSSS signal, and j(t) is CW interference.

They can be individually expressed as

s tð Þ~
ffiffiffiffiffiffi
2S

p
d tð Þ cosv0t, ð2Þ

j tð Þ~
ffiffiffiffiffiffi
2J

p
cos (vj tzhj): ð3Þ

Here, S and J denote the power of the input signal and

interference respectively, d(t)5¡1 is the wave of the

transmitted message sequence, v0 is the signal carrier

frequency, and vj and hj is the frequency and phase of

CW interference respectively.

The output of the chip-matched filter is

r nð Þ~+
ffiffiffiffiffiffi
2S

p
Tcz

ffiffiffiffiffiffi
2J

p ð nz1ð ÞTc

nTc

cos Dvt{hj
� �

dt, ð4Þ

where Dv5 2pDf5v02vj is the frequency offset of the

interference. Thus the kth symbol decision variable can

be expressed as

L kð Þ~+
ffiffiffiffiffiffi
2S

p
TbzL1 kð Þ: ð5Þ

L(k), as a variable for a fixed k, includes two parts, of

which +
ffiffiffiffiffiffi
2S

p
Tb is the signal component, and L1(k) is the

interference component:

L1 kð Þ~
ffiffiffiffiffiffi
2J

p XNkzN{1

n~Nk

cn

ð(nz1)Tc

nTc

cos Dvt{hj
� �

dt: ð6Þ

3 Performance analysis of DSSS system
against CW interference based on the SGA
hypothesis

Suppose that the spread spectrum sequence is completely

an ideal random sequence with independent and

identical distribution, ci5¡1. When Dv? 0, L1(k), as

a variable for a fixed k, can be regarded as the sum of

many independent random variables. According to the

central limit theorem, the probability distribution of

variable L1(k) approaches the Gaussian distribution

gradually along with the increase of N, so the distri-

bution of the variable L(k) observes the Gaussian

distribution with the mean of +
ffiffiffiffiffiffi
2S

p
Tb. As long as the

variance of the interference component L1(k) is esti-

mated, its probability distribution can be determined

completely, and consequently the symbol decision error

rate can be evaluated. By this way, the BER expression

of DSSS system under CW interference can be deduced

as follows [6].

When vj5v0,

Pb~Q

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SN

J cos2 hj

s !
: ð7Þ

Fig. 1 DSSS system model
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When vj=v0,

Pb~

Q

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2SN

J sin c2 DvTc=2ð Þ 1z
cos NDvTc{2hj
� �

sin NDvTcð Þ
N sin DvTcð Þ

� �
vuuut

0
BBB@

1
CCCA:
ð8Þ

When the phase of CW interference is uncertain, if the

interference phase distributes uniformly between [0, 2p],

the average BER can be evaluated by the following

expression:

Pb~
1

2p

ð2p
0

Pb hj
� �

dhj: ð9Þ

The analytic curves and simulated results of the BER

changing with interference-signal ratio ISR5 J/S dB in

four cases of Rb5 1 bit/s, N5 31, hj5 0, Df5 0 Hz,

5 Hz, 10 Hz and 15 Hz are presented in Fig. 2.

Based on the comparison between the analytic results

and the numerical simulations in Fig. 2, one can see that,

for the performance of the DSSS system with ideal

random sequence against CW interference, except

Df5 0 Hz, the simulated results are entirely consistent

with the results of the theoretical analysis grounded on

SGA hypothesis at Df55 Hz, 10 Hz and 15 Hz. This

demonstrates that the analysis method based on the SGA

hypothesis is sufficiently accurate under the condition

that the spread spectrum sequence is ideally random.

Moreover, it is shown that according to the analytic

results based on the SGA hypothesis, within the range of

the frequency offset determined in Fig. 2, the greater the

Df , the better the BER performance.

4 Practical performance analysis of periodic
sequence DSSS system against CW
interference

In the analysis of Sect. 3, the spread spectrum sequence is

supposed to be an ideal random sequence with inde-

pendent and identical distribution. However, in the

short-code DSSS system, every massage symbol uses

the same and fixed sequence to spread spectrum, so the

spread spectrum sequence is length-limited and deter-

ministic, with characteristics differing from a non-

periodic sequence that is absolutely random. This leads

to the fact that the SGA hypothesis used extensively in

the anti-interference performance analysis of the DSSS

system is not always applicable to these kinds of short-

code DSSS systems.

When the input interference obeys Gaussian distri-

bution, such as an additive white Gaussian noise, the

interference component in a symbol decision variable is

still Gaussian though the spread spectrum sequence is

periodic and deterministic in the DSSS system. Besides,

the analytical result based on the SGA hypothesis is still

exact in this case. But when the input interference is CW,

the frequency and phase of the input CW interference are

deterministic, and the spread spectrum code by itself of

each symbol is deterministic and identical, one can see,

by the symbol decision variable in Eq. (5) and its

interference component expression of Eq. (6), that the

interference component of the decision variable of

symbol is also deterministic. In the following section,

the characteristics of the interference component

sequence L1(k) and its effect on the BER performance

are analyzed.

From Eq. (6), when vj5v0, we obtain

L1 kð Þ~
ffiffiffiffiffiffi
2J

p XNkzN{1

n~Nk

cn

ð(nz1)Tc

nTc

cos Dvt{hj
� �

dt

~
ffiffiffiffiffiffi
2J

p
Tc cos hj

XNkzN{1

n~Nk

cn: ð10Þ

Because the spread spectrum codes used by every

message symbol are identical, Eq. (10) can be expressed

as

L1 kð Þ~
ffiffiffiffiffiffi
2J

p
Tc cos hj

XN{1

i~0

ci: ð11Þ

From the above expression, it can be seen that, for the

CW interference with the same frequency and phase as the

spread spectrum carrier, the interference component L1(k)

in a symbol decision variable is a fixed value that has

nothing to do with k. Taking no account of the influence of

Fig. 2 Analytic and simulated results of the performance of
DSSS system against CW interference
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thermal noise, if L1 kð Þj jv
ffiffiffiffiffiffi
2S

p
Tb, the interference has

no impact on the symbol decision. Conversely, if

L1 kð Þj jw
ffiffiffiffiffiffi
2S

p
Tb, the system will decide the output as a

fixed symbol and the BER of the system is 0.5. The relation

of BER and ISR is presented as a threshold effect, and the

ISR threshold can be expressed as

Mj~20 lg
N

cos hj
PN{1

i~0

ci

����
����
dB: ð12Þ

If vj=v0, we can obtain

L1 kð Þ~
ffiffiffiffiffiffi
2J

p XNkzN{1

n~Nk

cn

ð(nz1)Tc

nTc

cos Dvt{hj
� �

dt

~
ffiffiffiffiffiffi
2J

p
Tc sin c

DvTc

2

XNkzN{1

n~Nk

cn

| cos Dv nz
1

2

� �
Tc{hj

� �
ð13Þ

where sin c xð Þ~ sin x=x.

Since the spread spectrum codes used by each symbol

are identical, Eq. (13) can be expressed as

L1 kð Þ~
ffiffiffiffiffiffi
2J

p
Tc sin c

DvTc

2

XN{1

i~0

ci cos Dv Nkziz
1

2

� �
Tc{hj

� �
: ð14Þ

Equation (14) can be expanded as

L1 kð Þ~
ffiffiffiffiffiffi
2J

p
Tc sin c

DvTc

2

|
XN{1

i~0

ci cos Dv iz
1

2

� �
Tc{hj

� �
cos (DvNkTc)

{
ffiffiffiffiffiffi
2J

p
Tc sin c

DvTc

2

|
XN{1

i~0

ci sin Dv iz
1

2

� �
Tc{hj

� �
sin (DvNkTc):

ð15Þ

Let

A~
ffiffiffiffiffiffi
2J

p
Tc sin c

DvTc

2

XN{1

i~0

ci cos Dv iz
1

2

� �
Tc{hj

� �
, ð16Þ

B~
ffiffiffiffiffiffi
2J

p
Tc sin c

DvTc

2

XN{1

i~0

ci sin Dv iz
1

2

� �
Tc{hj

� �
: ð17Þ

Both A and B have nothing to do with k, so L1(k) can

be expressed as

L1 kð Þ~A cos DvTbkð Þ{B sin DvTbkð Þ
~C cos DvTbk{wð Þ, ð18Þ

where

C~
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2zB2

p
, w~arctg

B

A
: ð19Þ

Equation (18) can be divided into two cases. If

DvTb~2pn, namely Df~nRb (n is an integer number),

we can get L1 kð Þ~{C cos w, which is a fixed value that

has nothing to do with k. In this case, if Cv
ffiffiffiffiffiffi
2S

p
Tb, the

system will have no error code, while if Cw
ffiffiffiffiffiffi
2S

p
Tb,

the system will decide the output as a fixed symbol and

the BER of the system is 0.5. Besides, the sequence L1(k)

is a CW waveform with the amplitude C and the angle

frequency DvTb. If Cv
ffiffiffiffiffiffi
2S

p
Tb, the system will have no

error code, on the contrary, if Cw
ffiffiffiffiffiffi
2S

p
Tb, it corresponds

to continual and periodic error code in the system.

As shown in Eq. (18), the interference component in

the decision variable of symbol exhibits a constant value

or single frequency fluctuation. Apparently, the rule of

constant value or single frequency fluctuation does not
obey the standard Gaussian distribution, and the analysis

of BER should not be conducted on the SGA hypothesis,

and thus the simple expression for the performance of the

periodic sequence DSSS system sequence against CW

interference cannot be obtained.

5 Performance simulations of the periodic
sequence DSSS system against CW
interference

Because the distribution of interference component is not
Gaussian, the analytical result does not accord with the

practical performance of the periodic sequence DSSS

system against the CW interference if the SGA is still

adopted to analyze the performance. It is difficult to give

a rigorous BER expression under specific ISR, and the

performance of the periodic sequence DSSS system

against CW interference is analyzed through numerical

simulations.

The simulation model is shown in Fig. 1. In the

simulation, let Rb5 1 bit/s, N5 31, and the spread

spectrum sequence be a periodic m-sequence generated

by the generator polynomial 1 + x2 +x5.

The rule of the change of L1(k) under different

interference frequency offsets is depicted in Fig. 3, where
the transmitted massage sequence is all null, making the

mean of the decision variable to be a constant value, and

the ISR is set to be 30 dB. The interference frequency

offsets Df are set to be 0 Hz, 0.01 Hz, 0.1 Hz, and 1 Hz,

which represent the two cases of Df5 nRb and Df? nRb

respectively. It can be seen from Fig. 3 that the

interference component of the decision variable is a

constant value when the frequency offset of the
interference to the signal is 0 Hz and 1 Hz respectively.

Otherwise, the rule of the change of the interference

component of the decision variable is a single frequency
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waveform with the frequency Df when the frequency

offset of interference is 0.01 Hz and 0.1 Hz respectively.

The performance of the periodic sequence DSSS

system against CW interference is demonstrated in

Fig. 4, where only CW interference having the same

frequency and phase with the carrier is considered and

the thermal noise is ignored. In Fig. 4, the performance

of BER of DSSS system has obvious threshold effect.

There is no error code when the ISR is lower than 30 dB.

Conversely, the BER jumps to 0.5. This result can be

interpreted from the performance analysis of the periodic

sequence DSSS system against CW interference in Sect.

4. As for m-sequence, we have
PN{1

i~0

ci

����
����~1. Meanwhile,

N5 31, hj5 0, so the threshold of ISR of the system that

can be acquired from Eq. (12) equates to

20 lg
N

cos hj
PN{1

i~0

ci

����
����
~20 lg 31~29:8 dB.

The performance of the periodic sequence DSSS

system against the CW interference under different

interference frequency offsets is shown in Fig. 5 when

CW interference and Gaussian white noise exist simulta-

neously. The ISR is fixed to a 20 dB value, and different

curves represent different frequency offsets of interfer-

ence to signal. Figure 5 indicates that BER performance

of these curves is completely different when the frequency

offset difference is set to 0.5 Hz only. This result

illuminates that the CW interference deteriorates the

Fig. 3 Rule of change of the interference component produced by CW interference passing through the correlative de-spreader
under different interference frequency offsets. (a) Df5 0 Hz; (b) Df5 0.01 Hz; (c) Df5 0.1 Hz; (d) Df5 1 Hz

Fig. 4 Performance of the periodic sequence DSSS system
with existing CW interference only
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system performance, and the extent of deterioration is

closely related with the frequency offset. That is, the

performance of the system varies to the frequency offset.

In order to possibly clarify the relationship between the
BER performance of the system and the frequency offset of

the interference, the BER performance of the periodic

sequence DSSS system under different interference fre-

quency offsets is presented in Fig. 6, where CW interference

and Gaussian white noise exist simultaneously. In this

figure, the Eb/N0 is fixed to 6.79 dB, which corresponds to

the BER of 1023 of BPSK-DSSS system with only AWGN,

and the ISR of CW interference to DSSS signal is fixed to
20 dB. The two curves in the figure correspond to two kinds

of spread spectrum sequence, m-sequences with generation

polynomials 1+x2+x5 and 1+x2+x3+x4+x5, respectively.

The BER of the system changes sharply with a trivial

change of the interference frequency offset, which demon-

strates that the performance of the periodic sequence DSSS

system against CW interference is highly sensitive to the

interference frequency offset if no error correction coding/
decoding and interference suppression measures are

taken. This phenomenon results from the fact that a

correlative de-spreader corresponds to a filter with certain

frequency response, which has different interference sup-

pression effect with different frequency. The BER varies to

the change of the CW interference frequency offset. Apart

from that, it is shown that the BER has something to do

with a specific spread spectrum sequence in the periodic

sequence DSSS system. The reason is that the frequency

characteristic of a correlative de-spreader is different when

spread spectrum sequence differs.

6 Conclusions

CW interference is simple. However, the analysis of the

performance of the periodic sequence DSSS system against

CW interference is far from what we usually imagined.

Because the symbol decision variable is not close to the

Gaussian distribution under CW interference, the analytical

result of the practical performance of the periodic sequence

DSSS system against CW interference is completely diverse

from the result derived based on the SGA hypothesis, nor

can the simple common expression be easily obtained. The

performance of the periodic sequence DSSS system against

CW interference is analyzed theoretically in this paper and

some specific simulation results are presented. The theor-

etical analysis and the simulation result show some unique

features of the performance of the periodic sequence DSSS

system against CW interference, which completely differs

from the analytical result based on the SGA hypothesis.

The BER performance of the periodic sequence DSSS

system under CW interference is not only closely related

with ISR and the frequency offset and phase of the

interference, but also concerned with a specific spread

spectrum sequence. In order to improve the performance of

the periodic sequence DSSS system against CW interfer-

ence, it is very important to adopt adaptive interference

suppression filters and channel coding/decoding.
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