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Abstract | In this paper, Continuous Phase Modula-
tion schemes are examined for use in DS-CDMA spread
spectrum systems. Since the power spectra of Con-
tinuous Phase Modulation schemes are narrower than
BPSK schemes, a larger processing gain can be used for
the same overall bandwidth after spreading. The pro-
cessing gain, relative to BPSK, that can be used with
Continuous Phase Modulation is calculated. As an ex-
ample, it is shown that the performance of an MSK
system is better than a BPSK system for an equiva-
lent overall bandwidth.

I. Introduction

Spread Spectrum systems have achieved great pop-
ularity and is the subject of intensive research. In most
research, more emphasis has been placed on param-
eters such as the spreading code and receiver struc-
ture than on the modulation scheme itself. In di-
rect sequence spread spectrum systems, the modula-
tion scheme that is used is usually two or four level
phase shift keying (BPSK or QPSK).

In this paper, we examine Continuous Phase Mod-
ulation (CPM) for use in spread spectrum systems
and compare the performance with that obtained us-
ing BPSK. Our motivation for this work is that a more
bandwidth e�cient modulation scheme allows the use
of a larger processing gain. Although a more band-
width e�cient modulation scheme alone generally re-
sults in poorer bit-error-rate performance, we expect
that the overall performance can be improved by using
a bandwidth e�cient modulation scheme and a larger
processing gain. We also expect that there is a trade-
o� between the overall performance and the unspread
bandwidth of the modulation scheme.

II. System Description

In this paper, we consider CPM-type DS-CDMA
spread spectrum systems as investigated in [1]. In such
systems, each user is given a set of M spreading se-
quences in order to transmit log2M bits per symbol
interval T . For the kth user, these sequences are de-

noted by �
(k)
1 ; � � � ; �

(k)
M . Each sequence consists of N

chips, so the ith chip of the jth code for user k is de-

noted by �
(k)
j;i and is either 1 or �1, i.e., �

(k)
j;i 2 f1;�1g.
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Fig. 1. A spread spectrum CPM signal transmitter.

The process to produce the spread spectrum CPM

signal is shown in Fig. 1. First, the input data, a
(k)
n ,

is mapped to one of the M spreading sequences, �
(k)
j .

Second, the chips are mapped to a CPM phase func-
tion. For the jth code for user k, this phase function
is given by

�(t; �
(k)
j ) = 2�h

N�1X
i=0

�
(k)
j;i q(t� iTc); (1)

where h is the modulation index and Tc is the chip in-
terval and is equal to T=N . The phase smoothing func-
tion, q(t), is a continuous function which has properties
given by

q(t) =

(
0 t � 0

1=2 t > LTc
; (2)

where L is a positive integer which determines the
memory in the modulation scheme. For L = 1, full
response CPM schemes result and for L � 2, partial
response CPM schemes result.

Third, the individual phase functions are combined
to produce the �nal CPM phase function, which is
given by

�(t) =
X
j

�(t � jT; �
(k)
j ); (3)

where �
(k)
j 2 f�

(k)
1 ; � � � ; �

(k)
M g

Finally, the phase is modulated onto a carrier of fre-
quency fc to produce the spread spectrum CPM signal,
given by

s(t) = A cos[2�fct+ �(t) + �0]: (4)

In this equation, A is the signal amplitude and � is an
initial phase.

We note here that as a result of spread spectrum
modulation, the input data is processed so that the
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Fig. 2. A typical phase function for a full response spread
spectrum CPM signal.

bandwidth of the resulting spread spectrum signal is
increased by a factor of G, i.e., the processing gain of
the system is G. This also corresponds to the length
of the spreading sequence, N , i.e., G = N .

In this paper, we consider binary input data, so

a
(k)
n 2 f�1; 1g. Therefore, M = 2 and each user is
given two spreading sequences. We also consider full
response CPM signals, i.e., L = 1.

As an example, we consider Continuous Phase FSK
(CPFSK), which has a phase smoothing function de-
�ned by

q(t) =

8>><
>>:

0 t < 0
t

2T
0 � t � Tc

0:5 t > Tc

; (5)

which is a straight line for 0 � t � Tc. When h = 0:5,
Minimum Shift Keying (MSK) results.

Using the CPFSK phase smoothing function, a typ-
ical phase function, �, for a spread spectrum CPM
system is shown in Fig. 2. Notice that the phase is
continuous, but can increase or decrease at the end of
every chip interval.

III. Performance Measures

There are two parameters of interest: bit-error-rate
(BER) and bandwidth. The BER and bandwidth are
closely related. In general, a larger transmitted sig-
nal bandwidth leads to better BER performance if the
transmitted signal is designed properly. However, a
larger bandwidth means that the processing gain that
can be used is lower since the overall bandwidth after
spreading is �xed by spectrum limits. Therefore, we
�rst look at the bandwidth properties of unspread sig-
nals and determine the processing gains that are possi-
ble. After that, we consider the BER performance that
can be obtained with the processing gain that can be
used.

A. Bandwidth

There are many ways of de�ning bandwidth. In this
paper, we use the fractional power containment band-
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Fig. 3. Power spectral densities of QPSK and MSK com-
pared to BPSK.
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Fig. 4. Power spectral densities of CPFSK compared to
BPSK.

width, denoted by Bx%, which is the bandwidth that
contains x% of the signal power. For example, the
99% bandwidth, B99%, is the bandwidth which con-
tains 99% of the signal power.

For comparison, the power spectral density (PSD)
of BPSK is compared with those of QPSK and MSK in
Fig. 3 and with that of CPFSK in Fig. 4. These PSDs
were determined using the method described in [2] as-
suming that random spreading sequences are used.

To get a better feel for the bandwidth comparisons,
the percentage of the total power contained as a func-
tion of the frequency o�set from the center frequency
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Fig. 5. The power containment properties of the modu-
lation schemes.

Table I

Power Containment Bandwidths

Modulation B90%Tc B99%Tc

BPSK 0.849 10.29

QPSK 0.424 5.156

CPFSK (h = 0:25) 0.184 0.449

MSK (h = 0:5) 0.388 0.591

CPFSK (h = 0:75) 0.498 0.928

is shown in Fig. 5. From this �gure, we can see that
BPSK and QPSK show a slower convergence to 100%
power containment than CPFSK schemes. Therefore,
CPFSK schemes are more bandwidth e�cient.

Speci�cally, the 90% and 99% power containment
bandwidths of CPFSK schemes, normalized by the chip
period Tc, are shown as a function of h in Fig. 6. This
�gure shows the gradual increase in the power contain-
ment bandwidth as h increases.

Comparing the bandwidth values for CPFSK to
BPSK and QPSK in Table I, we see that the bandwidth
requirements for CPFSK are much lower. Therefore, a
larger processing gain can be used in conjunction with
CPFSK schemes. Since we are interested in keeping
the total bandwidth of the system after spreading con-
stant for all modulation schemes, i.e.,

BG = constant; (6)

where B is the bandwidth before spreading.

B. Bit-Error-Rate

In general, the BER of a spread spectrum system
is di�cult to calculate. The BER depends not only on
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Fig. 6. The 90% and 99% power containment bandwidths
for CPFSK as a function of h.

the modulation scheme and spreading sequences used,
but also on the multiple access interference due to the
presence of other users and also on the ever present
thermal noise, which is generally modelled as Additive
White Gaussian Noise (AWGN).

For unspread modulation schemes, the BER per-
formance can be expressed in terms of a correlation
function, �, as [3]

Pe =
1

2
erfc

"r
(1� �)SNR

2

#
: (7)

The best performance is obtained when � = �1. BPSK
schemes have a correlation equal to �1 and are \opti-
mal" in this sense.

For CPFSK modulation schemes, � is given by

� =
sin(2�h)

2�h
; (8)

which is plotted in Fig. 7. Notice that the performance
improves as h is increased up until h � 0:7, after which
the performance worsens.

Of course, this discussion is only for unspread mod-
ulation schemes. To determine the performance for
DS-CDMA schemes, the e�ects of multiple access in-
terference must be included. However, this gives some
indication of performance that can be expected.

To get some indication of the BER performance
that can be obtained for DS-CDMA systems, we ex-
amine received signal-to-noise ratio (SNR), which in-
cludes the e�ects of multiple access interference and
AWGN. For BPSK, the received SNR is given by [4]

SNR =

�
K � 1

3G
+

N0

2Eb

�
�1=2

; (9)

where Eb=N0 is the signal-to-noise ratio of the desired
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Fig. 7. The correlation function � for CPFSK signals.

signal alone and K is the number of users. The corre-
sponding SNR for MSK is given by [5]

SNR =

��
15 + 2�2

12�2

�
K � 1

G
+

N0

2Eb

��1=2
: (10)

IV. Performance Comparisons

Using (6) allows us to express the processing gain of
a CPFSK system as a function of the processing gain
of the BPSK system as

GCPFSK =
BBPSK

BCPFSK

GBPSK (11)

This relationship is plotted in Fig. 8 as a function
of the modulation index h. We see that even for large
modulation indices, the processing gain for CPFSK can
be made roughly 1.6 times and 10 times larger than a
BPSK system for the same 90% and 99% containment
bandwidths, respectively.

Combining this result with Fig. 7 shows that there
should be some tradeo� between the unspread signal
bandwidth, controlled by the modulation index h, and
the performance achievable after spreading. As h in-
creases, the bandwidth increases, but the BER de-
creases. Therefore, what is the best combination of
modulation and processing gain? We hope to answer
this question in future work.

As a speci�c example, we compare an MSK system
to a BPSK system. Using a processing gain of 127
for BPSK and given the constraint of constant band-
width after spreading, the processing gains that can
be used for an MSK system are given in Table II. The
processing gain that can be used also depends on the
bandwidth of interest, so two values for MSK are given.

Using these values for the processing gain in (9) and
(10), the SNR values are plotted for BPSK and MSK
in Fig. 9 for K = 7 users. We can see that MSK o�ers
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Fig. 8. The processing gain of a CPFSK system relative
to a BPSK system as a function of h.

Table II

Processing Gains for Equal Bandwidths

after Spreading

Bandwidth GBPSK GMSK

B90% 127 277

B99% 127 2211
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Fig. 9. Received SNR for GBPSK = 127.
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a larger received SNR than BPSK and hence better
performance for the same spread bandwidth.

V. Conclusions

In this paper, Continuous PhaseModulation (CPM)
was considered for use in DS-CDMA systems. The
spectral e�ciency of CPM allows for the use of a larger
processing gain than BPSK for the same bandwidth af-
ter spectrum spreading.

Speci�cally, Continuous Phase FSK (CPFSK) was
considered and compared with Binary Phase Shift Key-
ing (BPSK). The processing gain that can be used
for CPFSK was found to be 1.6 to 40 times the pro-
cessing gain of BPSK, depending on the bandwidth
measure and modulation index used. As an example,
the received SNR for MSK and BPSK systems was
compared, under the constraint of constant bandwidth
after spreading, and it was found that better perfor-
mance could be obtained by using CPM.
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