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Spread Spectrum Pulse Position Modulation
——A Simple Approach for Shannon’s Limit——

Isao OKAZAKIT* and Takaaki HASEGAWAT, Members

SUMMARY In this paper, we propose a spread spectrum
pulse position modulation (SS-PPM) system, and describe its
basic performances. In direct sequence spread spectrum (DS/
SS) systems, pseudo-noise (PN) matched filters are often used as
information demodulation devices. In the PN matched filter
demodulation systems, for simple structure and low cost of each
receiver, it is desired that each demodulator uses only one PN
matched filter, and that signals transmitted from each transmitter
are binary. In such systems, on-off keying (SS-OOK), binary-
phase-shift keying (SS-BPSK) and differential phase-shift keying
(SS-DPSK) have been conventionally used. As one of such
systems, we propose the SS-PPM system; the SS-PPM system is
divided into the following two systems: 1) the SS-PPM system
without sequence inversion keying (SIK) of the spreading code
(Without SIK for short); 2) the SS-PPM system with SIK of the
spreading code (With SIK for short). As a result, we show that
under the same bandwidth and the same code length, the data
transmission rate of the SS-PPM system is superior to that of the
other conventional SS systems, and that under the same band-
width, the same code length and the same data transmission
rate, the SS-PPM system is superior to the other conventional SS
systems on the following points: 1) Single channel bit error rate
(BER) (BER characteristics of the SS-PPM system improve with
increasing the number of chip slots of the SS-PPM system, and as
the number of chip slots increases, it approaches Shannon’s
limit); 2) Asynchronous CDMA BER, 3) Frequency utiliza-
tion efficiency. In addition, we also show that With SIK is
superior to Without SIK on these points.

key words: spread spectrum, PPM, DPPM, code-division multi-
ple access, matched filter

1. Introduction

In direct sequence spread spectrum (DS/SS) systems,
pseudo-noise (PN) matched filters are often used as
information demodulation devices because of the fol-
lowing advantages: 1) Essentially making PN code
acquisition and tracking unnecessary; 2) Simple struc-
ture and low cost of each receiver; 3) Making small-
sized and lightweight receiver possible. In the PN
matched filter demodulation systems, for simpler struc-
ture and lower cost of each receiver, it is desired that
each demodulator uses only one PN matched filter, and
that signals transmitted from each transmitter are
binary.
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In such systems, two conventional systems have
been widely used. One is an on-off keying (SS-OOK)
system [ 1, etc.]; 1 or 0 of input information data
corresponds to on or off of the SS signals (PN codes or
spreading codes). The other is a binary-phase-shift
keying (SS-BPSK) system or a differential phase-shift
keying (SS-DPSK) one [2, etc.]; input information
data correspond to phase 0 or x of the SS signal’s
carrier waves. Therefore, when one data bit is trans-
mitted every spreading code period, the data transmis-
sion rate is to be maximum (1/7 [bit/sec] when a
period of the spreading code is T [sec]) in these
systems.

In addition to these binary output systems, to
increase the data transmission rate, we propose a
spread spectrum pulse position modulation (SS-PPM)
system [6]-[13]. The SS-PPM system uses the ortho-
gonality of the SS signal shifted with more than one
chip interval, and transmits information as the position
of 'the SS signal similar to a digital pulse position
modulation (DPPM) system; namely, in this system,
input information data correspond to the position of
the SS signal shifted with more than one chip interval.
The SS-PPM system is divided into the following two
systems [ 10]-[13]: 1) The SS-PPM system without
sequence inversion keying (SIK) of the spreading code
(Without SIK for short); 2) The SS-PPM system with
SIK of the spreading code (With SIK for short).

As a result, we will show that the SS-PPM system
is superior to the SS-OOK, the SS-BPSK or the SS-
DPSK one, and that With SIK is superior to Without
SIK on the following points: 1) Data transmission
rate [6], [8], [10]-[13]; 2) Single channel BER [6]-
[8],[10]-[13]; 3) Asynchronous CDMA BER [9]-[13];
4) Frequency utilization efficiency.

As a system that input information data corre-
spond to the position of the SS signal shifted with
more than one chip interval, another approach has
already been reported [3]. However it is not a binary
output system, and its signal structure is different from
the SS-PPM system’s one. On the other hand, in the
time spread system, time spread pulse position modula-
tion (TS-PPM) was reported [4], [5] after we reported
the SS-PPM system.

The purpose of this work is to make clear the
performance of the SS-PPM system.
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2. Principles of SS-PPM [6]-[13]

In this section, we describe the principles of the SS-
PPM system. Firstly, we show a signal structure of the
SS-PPM system. Secondly, we illustrate a basic struc-
ture of the SS-PPM system. Table 1 shows the nota-
tions on the following discussions.

2.1 Signal Structure of SS-PPM [6]-[13]

Figure 1 shows a signal structure of the SS-PPM system
(horizontal axis represents time). Since the PN signal
exists partially in a frame, the envelope is discontinu-
ous as shown in Fig. 1. The SS-PPM system has a
frame; the frame consists of (M + L —1) slots. In each
frame, there exists one spreading code, and its code
length is L [chip]. The duration of one slot equals to
one chip duration of the spreading code.

This system transmits information as the position
of the spreading code similar to the DPPM system. In
the first part of the frame, a spreading code starts from
a certain slot out of M slots, and continues for L chips
from the start slot. Thus, the first chip of the spreading
code can locate in one of M slots from the first slot to
the M-th slot in each frame. The front part allocated
M slots is termed information slots. On the other
hand, in the latter part of the frame, to prevent the
neighboring frame’s spreading codes from overlapping,
there locate (L—1) slots as guard zone. Thus, the
SS-PPM system is one of the binary output systems
(signals transmitted from each transmitter are binary)
[6]-[13]. ,

Therefore, the SS-PPM system without sequence
inversion keying (SIK) of the spreading code (With-
out SIK for short) can transmit log, M [bit/frame],
and it corresponds to M-ary orthogonal modula-

Table 1 Notations.

Number of Information Slots per Frame M [slot]
Length of Spreading Code (= Length (.)f PN Code I, [chip]

or Number of Step of PN Matched Filter)

Chip Rate of Spreading Code R, [cps]
Number of Multiplex Channels m [channel]

L chips
1slot =1 chip
" ——y—
ce s [Spreading 'Y e e
LLL1d code |ipiri]ll .
M slots L-1 slots Time

1 Frame = (M+L-1) slots

Fig. 1 Signal structure of the SS-PPM system.
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tion systems [11]-[12]. On the other hand, the SS-PPM
system with SIK of the spreading code (With SIK for
short) can transmit log, 2M [bit/frame], and it corre-
sponds to 2M-ary bi-orthogonal modulation systems
[11].

Moreover, since the SS-PPM system substantially
has the advantage of the DPPM system, this system is
expected to have low power transmission capability
using a long frame. On the other hand, the SS-PPM
system, unlike the DPPM system, has the ability of
asynchronous CDMA using many spreading codes.

2.2 System Structure of SS-PPM [8], [10]-[13]

Figure 2 shows a basic structure of the SS-PPM system
(Without SIK). This system is an example of coherent
detection systems, but the SS-PPM system can also
perform as an envelope detection system or a baseband
one of course.

The transmitter of the SS-PPM acts as follows.

First, input data, which come into the transmitter,
are converted into logs M bit data for making up a
frame of DPPM (serial parallel conversion); the
DPPM pulse is used as a trigger, and an L-chip-length
spreading code is generated (it is a SS-PPM signal).
After that, the carrier wave of frequency f. [Hz] is
modulated by this SS-PPM signal, and transmitted.

The receiver of the SS-PPM system acts as follows.

The received carrier band signal is detected coher-
ently, and obtains the SS-PPM signal. After that, the
SS-PPM signal comes into the PN matched filter; at
the input of the PN matched filter, a soft decision is
carried out. If the input spreading code matches the
pattern of the PN matched filter, one chip length sharp
pulse is produced at the position corresponding to the
transmitted data. It depends on the orthogonality of
the spreading code shifted with more than one chip.
Thus output data is decided by the position of this
pulse.

In the next section, we evaluate the performance of
the SS-PPM system.

2L-1

1ohi ]u..L..,: Matched A
chip Filter
— —
i m for RV TIVIRTTIN N
i PN1 [PEAL LA L) i1
! M B ! M T

Input Data Output Data
(Binary) (Binary)
A 4 Ci i {0 L

Iag2 M bit DPPM Channel PN Pulse
Per 1 Frame Pulse | ~ 4

hed = Position
Filter Decision
PN Signal .
Generator Receiver

Fig. 2 Structure of a SS-PPM system.
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3. Data Transmission Rates Properties [6], [8], [10]
-[13]

From the discussion of Sect. 2. 1, the data transmission
rate of the single channel SS-PPM system expresses as
the following two equations [ 8], [ 10]-[ 13]:

® Without SIK:

1
Rwitnour = % [bit/sec] (1)
® With SIK:
(lOgZ ZM) 4 :
Rwin=="37 11 [bit/sec] (2)

where, M is the number of information slots, L is the
length of spreading code and R, is the chip rate of the
spreading code as shown in Table 1.

From these equations, we calculate and show the
data transmission rates. Figure 3 illustrates the data
transmission rates of single channel Without SIK versus
the number of information slots M for various length
of spreading code (L=63, 127, 255, 511 and 1023

[chip]). Figure 4 illustrates the data transmission rates
of single channel With SIK versus the number of
18—
L=63
T ,o/‘HLQ L=127
s g goe L_255
c d ;r Fad g? BpaK
& / &-a L_ /)
AR e S
g 105 > V\v
2 e ot
& i‘ 7 L_511V\
'3 L=1023 A
©
a
Vf
104

1 [
10° 107 10? 10° 104
Number of Information Slot M [slot]

Fig. 3 Data transmission rates of single channel Without SIK
for various L(R,=12.7x10° [cps]).
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2 100
£ A/ /v
g « )7 511
l_
p v/ L_1023
© L
[m}

10100 101 102 TOET S

Number of Information Slot M [slot]
Fig. 4 Data transmission rates of single channel With SIK for
various L(R.=12.7X 10° [cps]).
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information slots M for various length of spreading
code (L=63, 127, 255, 511 and 1023 [chip]). Though
the values of data transmission rates are discrete (M =
2, 4, 8, 16, --- [slot]) in these figures, plots are con-
nected to guide the reader’s eye by a dashed line for
each L in these figures. The chip rate of the spreading
code R, is 12.7x10° [cps]| ([chip/second]). In addi-
tion, we also illustrate the maximum data transmission
rate of the SS-OOK, the SS-BPSK or the SS-DPSK
system, which uses just one PN matched filter and
binary baseband signals, as the solid line. Their chip
rate of the spreading code is the same as the SS-PPM
system’s one, and their length of the spreading code L
is 127 [chip]; namely their data transmission rate is
100 [Kbps] ([Kilo bit/sec]).

These figures show that under the same L, the data
transmission rate of the SS-PPM system is greater than
that of the other conventional SS systems in some
range of M. At L=127 [chip], for example, the
maximum data transmission rate of the SS-PPM system
is 4.0 times (Without SIK) or 4.8 times (With SIK)
higher than those of the other conventional SS systems
[10]-[13]. Furthermore, the maximum data trans-
mission rate of With SIK is higher than that of With-
out SIK at the same L. At L=127 [chip], for example,
the maximum data transmission rate of With SIK is 1.2
times higher than that of Without SIK [10], [11], [13].

Moreover, Table 2 shows the values of M of
Without SIK and of With SIK at the same data trans-
mission rate on condition that m is I [channel], and L
is 127 [chip], and R, is 12.7x10% [cps]. This table
shows that the values of M of With SIK are larger than
those of M of Without SIK one at the same data
transmission rate [11], [13].

As mentioned above, the structure of the SS-PPM
system’s receiver is simple because the receiver uses
only one PN matched filter, and signals transmitted
from each transmitter are binary, in addition the
maximum data transmissiom rate of the SS-PPM sys-
tem is higher than that of the SS-OOK, the SS-BPSK or
the SS-DPSK system under the same bandwidth and
the same length of spreading code. The maximum data
transmission rate of With SIK is higher than that of

Table 2 The values of M of Without SIK and of With SIK at
the same data transmission rate (=1 [channel], L=127 [chip],
R.=12.7%10° [cps]).

Data Transmission | M [slot/frame] M [slot/frame]
Rate [Kbps] of Without SIK of With SIK

402 32 126

401 64 127

350 128 183

266 256 319

179 512 599

110 1024 1160

100 1168 1317
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Table 3 Conditions of computer simulation and theoretical
analysis.

Spreading Code M Sequences

Detection Coherent Detection
.. Decision of Maximum Likelihood
Decision
from Each Slot’s Correlation
Additive Noise White Gaussian Noise (WGN)

Synchronization of the Frame
in Each Channel

Chip Synchronization among
Multiplex Channels

Not Considered

Not Carried Out
(Asynchronous CDMA)

Not Considered (Equal Distance)

Near-far Problem

Without SIK under the same bandwidth and the same
length of spreading code.

In the next section, we evaluate the BER perfor-
mances of the SS-PPM system.

4. Bit Error Rate Properties [6]-[13]

Here we evaluate the BER performances of the SS-
PPM system by computer simulations and a theoretical
analysis. Table 3 shows the conditions of the computer
simulation and the theoretical analysis.

4.1 Single Channel BER Properties by Theoretical
Analysis [7], [8], [10]-[13]

In the SS-PPM system, the sidelobes of the auto-correla-
tion function appeared in the output of the PN
matched filter may be neglected in the theoretical
analysis. Therefore, as for the results of the theoretical
analysis of the single channel SS-PPM system, the
BERs of Without SIK and With SIK are equivalent to
those of M-ary orthogonal modulation systems and
2M-ary bi-orthogonal modulation ones, respectively.
We will show that these considerations are proper from
Figs. 5 and 6 [8], [10]-[12] as shown in later.

BER versus E,/N; for single channel Without SIK
(M-ary orthogonal modulation systems) is obtained
by substituting Eq. (3) in Eq. (5), and BER versus
E /N, for single channel With SIK (2M-ary bi-
orthogonal modulation systems) is obtained by sub-
stituting Eq. (4) in Eq. (6); Rw, and Ry, are input
signal-to-noise ratios
(SNRs) of the PN matched filter (See Appendix A).
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Fig. 5 BERs on single channel Without SIK for various M (m
=1 [channel], L=127 [chip], R.=12.7X 10° [cps]).
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Fig. 6 BERSs on single channel With SIK for various M (m=1
[channel], L=127 [chip], R,=12.7x 10° [cps]).
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4.2 Single Channel BER Characteristics [8], [10]-
[13]

Figure 5 illustrates the BER versus E,/N, characteris-
tics on the single channel Without SIK for various M,
while Fig. 6 shows the BER versus E,/N, characteris-
tics on the single channel With SIK for various M; M
means the number of the information slots. In these
figures, each solid line shows a theoretical value, and
each plot represents a computer simulation’s value
under the length of spreading code L=127 [chip].
These figures illustrate the BER characteristics at M =
2, 64, 256 and 1024 [slot]. In addition, each number
put in round brackets shows the data transmissiom rate
for each M on condition that the length of spreading
code L is 127 [chip] and the chip rate of the spreading
code R. is 12.7X10° [cps]; at M =64 [slot], for exam-
ple, the data transmission rates of Without SIK and
With SIK are 400 [Kbps] and 470 [Kbps], respectively.
These figures show that each BER characteristic of
the computer simulation at L=127 [chip] is in good
agreement with that of the theory in all the cases of
various M, and that each BER characteristic improves
with increasing M, and as M increases, it approaches
Shannon’s limit [8], [10]-[12]. Moreover, we also
confirmed that at L=15, 31, 63, 255 and 511 [chip],
each BER characteristic of the computer simulation is
in good agreement with that of the theory in all the
cases of various M to the extent of the BER 107°%
Therefore, the agreement indicates that the sidelobes of
the auto-correlation function which appeare in the
output of the PN matched filter is negligible in the
single channel BER characteristics [8], [10]-[12].
Furthermore, in Fig. 7, the BER characteristics on
the single channel of the SS-OOK, the SS-DPSK, the
SS-BPSK and the SS-PPM systems (Without SIK and
With SIK) under the same bandwidth, the same code
length and the same data transmission rate are com-

10° ; : :
— Theory
S$5-00K
1072 SS-DPSK 3
SS-BPSK

107

Bit Error Rate

—6
10 SS—PPM
Without

SIK

1075 5 10 15 20

Ep/No [dB]
Fig. 7 BERs on single channel SS-OOK, SS-DPSK, SS-BPSK,
Without SIK and With SIK under the same bandwidth, the same

code length and the same data transmission rate (m=1 [chan-
nel], Re=12.7x10° [cps], L=127 [chip], 100 [Kbps]).
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pared. Namely, the chip rate of the spreading code R,
is 12.7x 10° [cps], and the length of spreading code L
is 127 [chip], and the data transmission rate is about
100 [Kbps], and M of Without SIK is 1168 [slot], and
M of With SIK is 1317 [slot]. In this figure, each solid
line represents the theoretical value for each system.

Figure 7 shows that as to E,/N, under the BER
107¢, With SIK is superior about 10 [dB] to the SS-
OOK system, 5 [dB] to the SS-DPSK system, 4.5 {dB]
to the SS-BPSK system [8], [10]-[ 13] and 0.4 [dB] to
Without SIK [11], [13].

Therefore, on the single channel, Without SIK is
superior to the SS-OOK, the SS-BPSK and the SS-
DPSK system. Moreover, With SIK is superior to
Without SIK.

4.3 Asynchronous CDMA BER Properties by Theo-
retical Analysis [9]-[14]

In the asynchronous CDMA of the SS-PPM systems,
the effects of the other channel’s spreading codes
appear in the output of the PN matched filter as
cross-correlation functions’ values between the PN
matched filter’s PN code and the other channels’ ones.
This analysis is carried out on condition that instead of
the other channels’ interferences, a Gaussian noise
whose power is equivalent to the power of the interfer-
ences are uniformly added in the SS-PPM’s frame; the
Gaussian noise is termed a equivalent noise.

Under the above mentioned assumptions, for asyn-
chronous CDMA of Without SIK, BER versus E,/N; is
obtained by substituting Eq. (7) in Eq. (5), and for
asynchronous CDMA of With SIK, BER versus E,/N,
is obtained by substituting Eq. (8) in Eq. (6); Rw,
and Ry, are input SNRs of the PN matched filter (See
Appendix B). A component corresponded to the other
channels’ interferences is expressed as the second term
of the denominator of Eq. (7) or Eq. (8).

The factor C,(M, L) in Eq. (7) or Eq. (8) is
divided into the following three elements as shown in
Eq. (9): 1) The factor of chip asynchronousness is 2/
3 (See Appendix C); 2) The factor of cross-
correlation characteristic between the spreading codes
is F (See Appendix D); 3) The factor that the other
channels’ spreading codes are partially exist in the
frame is B (M, L) (See Appendix E).

From Egs. (5)-(8), it is shown that the parame-
ters determining the CDMA performance of the SS-
PPM system are M, m and L.

Ru — logs M
=
! E,\! 2(10g2M)(m—1)>
<NO> +< M+ L—1 Cr(M, L)

(7)
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where, Q7' ( ) is the inverse function of Q( ) func-
tion.

4.4 Asynchronous CDMA BER Characteristics [8]-
[13]

Here, we evaluate the performances of the asyn-
chronous CDMA BER characteristics by the result of
the theoretical analysis which we obtain in Sect. 4.3
and computer simulations for various M, m and L;
where, M means the number of information slots, and
m means the number of multiplex channels, and L
means the length of spreading code, as shown in Table
1.

In this section, each figure illustrates BER versus
E,/N, characteristic of the SS-PPM system. In Figs. 8-
13, each solid line illustrates a theoretical value, and
each plot represents a computer simulation’s one. In
addition, each number puts in round brackets shows
the total data transmission rate of all the channels (it
is defined as Rr) at R;=12.7X10° [cps]; R, means the
chip rate of the spreading code.

In the following discussions, we evaluate the
performance of Without SIK and With SIK.

Firstly, the BER characteristics of Without SIK on
condition that M is changed under fixed m and L(m
=6 [channel], L=127 [chip]) are shown in Fig. 8.
This figure illustrates the BER characteristics at M =
16, 64, 256 and 1024 [slot]. At M =64 [slot], for exam-
ple, the total data transmission rate of all the channels
R; is about 2410 [Kbps], because the single channel
data transmission rate is about 402 [Kbps] from Eq. (1),
and the number of multiplex channels m is 6 [channel].
On the other hand, the BER characteristics of With
SIK on condition that M is changed under fixed m
and L(m=6 [channel], L=127 [chip]) are shown in
Fig. 9. This figure illustrates the BER characteristics at
M =16, 64, 256 and 1024[slot]. In addition, under the
same m and L, we also illustrate the theoretical values
of Without SIK when Rz is 1800 [Kbps]| (A =199
[slot]), and R is 730 [Kbps] (M =900 [slot]); these
data transmission rates are the same as With SIK’s ones
when M is 256 [slot], and M is 1024[slot], respectively.

Secondly, the BER characteristics of Without SIK
and With SIK on condition that m is changed under
M and L fixed (M =256 [slot], L=127 [chip]) are
shown in Figs. 10 and 11, respectively. These figures
illustrate the BER characteristics at m=1, 2, 4 and 6
[channel].

Finally, the BER characteristics of Without SIK
and With SIK on condition that L is changed under M
and m fixed (M = 256 [slot], m = 6 [channel]) are
shown in Figs. 12 and 13, respectively. These figures
illustrate the BER characteristics at L=63, 127, 255
and 511 [chip].

These figures show that each BER characteristic of
the computer simulation is in good agreement with
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that of the theory [11]-[13], and that the BER charac-
teristic improves with increasing M or L and degrades
with increasing m [11]-[13]. Moreover, from Fig. 9,
we evaluate the performance of Without SIK and With
SIK under the same R., the same L and the same Ry;
when Ry is 1800 [Kbps], the BER characteristic of
With SIK is superior about 1 [dB] to that of Without
SIK [13], and when Rr.is 730 [Kbps], With SIK is
superior about 0.3 [dB] to Without SIK as to E,/N;
under the BER 107 [13].

Thus, it is shown that the asynchronous CDMA
BER characteristic of With SIK is better than that of
Without SIK under the same total data transmission
rate of all the channels Rr, the same bandwidth R, and
the same code length L.

4.5 Performance Comparison between SS-PPM and
the Other Systems

Here, we compare the asynchronous CDMA perfor-
mances of the SS-PPM system and those of the other
conventional SS systems.

Figure 14 illustrates the asynchronous CDMA
BER characteristics of With SIK and the usual SS-
BPSK system at L=63, 127, 255 and 511 [chip]. At
each L, R; and R; of With SIK are the same as those
of SS-BPSK, respectively; namely R,=12.7 X 10° [cps],
and m=6 [channel], and the values of M of With SIK
are 580 [slot] (L=63), 1317 [slot] (L=127), 2940 [slot]
(L=255) and 6500 [slot](L=511); R; is the total
data transmission rate of all the channels. Each solid
line shows a theoretical value of With SIK, and each
plot connected by a short-dashed line represents a com-
puter simulation’s value of the SS-BPSK system, and a
longdashed line indicates the theoretical value of the
single channel SS-BPSK system. Each number puts in
round brackets shows Rr; when L=63 [chip], for
example, Rr is 1210 [Kbps] in these systems.

This figure shows that as to E,/N, under the BER

109 . T J
—— Theory of SS—PPM }
-o-=-Simulation of 3
.. "** SS-BPSK

10°® L=63 1
(1210K)

Bit Error Rate

104 e
E \‘\\“\\ ‘\i
1079 | =511 Z\)('é?,},% 1
Theory of
\«—single Ch, 1
oL (BOOK) \ |  SSBPSK]
1075 5 10 15 20

E/Ng [dB]
Fig. 14 BERs on asynchronous CDMA of With SIK and usual
SS-BPSK under the same bandwidth and the same data transmis-

sion rate for various L (m=6 [channel], L: parameter, R,=12.7
X 10° [cps]).
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107%, With SIK is superior about 3.0 [dB] to the
SS-BPSK at L=63 [chip], about 4.3 [dB] at L=127
[chip], about 4.9 [dB]at L=255 [chip] and about 4.8
[dB] at L=511 [chip]. In the usual SS-BPSK system,
as L increases, the asynchronous CDMA BER charac-
teristic approaches the theoretical value of the single
channel SS-BPSK system. Similarly, it is considered
that in the usual SS-OOK and the usual SS-DPSK
system, as L increases, each asynchronous CDMA BER
characteristic also approaches each theoretical value of
the single channel;, however, these system’s theoretical
values of the single channel are not superior to the
SS-BPSK system’s one as shown in Fig. 7.

Thus, the asynchronous CDMA BER performance
of With SIK is much superior to SS-BPSK, SS-DPSK
and SS-OOK under the same bandwidth, the same total
data transmission rate and the same code length.

S. Frequency Utilization Efficiency Properties

Here, we evaluate the frequency utilization efficiency 7
of the SS-PPM system by the result of the theoretical
analysis which we obtain in Sect. 4. 3; the frequency
utilization efficiency is often used as the performance
evaluations of communication systems. Moreover, we
compare the frequency utilization efficiency of With
SIK and that of the SS-BPSK system.

The frequency utilization efficiencies of Without
SIK and With SIK at M =32, 64, 128, 256, 512 and
1024 [slot] are illustrated in Figs. 15 and 16, respective-
ly. In these figures, BER is 1072 and the number of
multiplex channels is 6 [channel]. In each M, the
value of L varies from 63 to 1023 [chip]. Moreover, in
Fig. 16, solid triangles connected by a short-dashed
line show the frequency utilization efficiency of the
SS-BPSK system calculated by the result of Fig. 14;
BER is 1073, and m is 6 [channel], and the value of L
varies from 63 to 1023 [chip].

These figures show that though the asynchronous
CDMA is carried out, under the multiplex channels m
is 6 [channel] and BER is 107°, the maximum fre-
quency utilization efficiency 7 is about 0.22 for With-
out SIK and about 0.25 for With SIK, respectively. On
the other hand, the maximum frequency utilization
efficiency of the usual SS-BPSK is about 0.1 under
E,/No=10 [dB].

Thus, on the frequency utilization efficiency, With
SIK is superior to Without SIK, and the SS-PPM
system is superior to the SS-BPSK one.

6. Conclusions

As a scheme for increasing the data transmission rate
of the binary DS/SS system using only one PN
matched filter at the receiver, the SS-PPM system was
described; its fundamental structure, the single chan-
nel performance, the asynchronous CDMA one and

IEICE TRANS. COMMUN,, VOL. E76-B, NO. 8 AUGUST 1993
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® 0ar <-M=512 Without SIK]
BER=10"%
0.05- <M=1024 g 1
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G L 1 1 1 1 1 1I023
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Fig. 15 Frequency utilization efficiency of Without SIK for
various M.
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0.25¢ .
w 020 .
I
[&]
% 0.151 .
S,
& o0ar , With SIK |
BER=10"2
0.05F AE m=6 .
A ok L=63~
£, BprsK 1023
1 1 1 1 1 L 1
S 46 8 10 12 14 16 18

Ex/No [dB]

Fig. 16 Frequency utilization efficiency of With SIK for various
M.

the frequency utilization efficiency were discussed.

Firstly, we explained the signal structure and the
system structure of the SS-PPM system; the SS-PPM
system is divided into Without SIK and With SIK.

Secondly, we described the data transmission rate
of the SS-PPM system: 1) the SS-PPM system’s rate is
about 4.0 to 4.8 times higher than the other conven-
tional SS systems’ ones; 2) With SIK’s rate is about
1.2 times higher than Without SIK’s one.

Thirdly, we described the single channel BER
characteristic of the SS-PPM system: 1) the BER char-
acteristic. improves with increasing M, and as M
increases, it approaches Shannon’s limit (M is the
number of the information slots); 2) under the same
bandwidth and the same total data transmission rate,
as to Ep/N, under the BER 107%, With SIK is superior
about 10 [dB] to the SS-OOK system, 4.5 [dB] to the
SS-BPSK system, 5 [dB] to the SS-DPSK system and
0.4 [dB] to Without SIK.

Fourthly, we described the asynchronous CDMA
BER characteristic of the SS-PPM system: 1) the BER
characteristic improves with increasing M or L and
degrades with increasing m(L is the length of the
spreading code, and m is the number of multiplex
channels); 2) under the same bandwidth, the same
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data transmission rate and the same length of spread-
ing code, the BER characteristic of With SIK is supe-
rior about 0.3 [dB] to that of Without SIK, and supe-
rior about 4 [dB] to that of the SS-BPSK system.

Finally, we described the frequency utilization
efficiency of the SS-PPM system: though the asyn-
chronous CDMA is carried out, under the multiplex
channel m is 6 [channel] and BER is 1073 the maxi-
mum frequency utilization efficiency 7 is about 0.22 for
Without SIK, and about 0.25 for With SIK, and about
0.10 for the SS-BPSK system, respectively.

Thus the SS-PPM system is superior to the SS-
OOK, the SS-BPSK or the SS-DPSK sysiem, and With
SIK is superior to Without SIK on the four points:
that is, the data transmission rate, the single channel
BER, the asynchronous CDMA BER and the fre-
quency utilization efficiency.

Future works are 1) the examinations of the effect
of a canceller of cross-correlation components; 2) the
implementation of the SS-PPM systems; 3) hardware
complexity performance comparisons among SS-PPM,
SS-BPSK with FEC, M-ary SS-BPSK using Walsh
function and M-ary SS-FSK using Walsh function; 4)
the examinations of the frame synchronization and the
chip synchronization of the SS-PPM system.
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Appendix A: Input SNRs of PN Matched Filter
(Single Channel)

Here, we calculate Eqgs. (3) and (4); they are input
SNRs of the PN matched filter under the single chan-
nel. Ry; means the signal-to-noise ratio (SNR); Ry,
is Ry; of Without SIK, and Ry, is Ry; of With SIK.
Ry; is given by

— Ep

Rwiﬁ ]V()

(A-1)
where Ep; means the energy of the spreading code per
code period, and N, means the power spectrum density
(PSD) of Gaussian noise.

Moreover, we calculate the value of E,;. Without
SIK can transmit logy, M bit per spreading code,
because Without SIK can transmit log; M bit per
frame. Thus, using E, (it means the energy of the
spreading code per bit), Ep; of Without SIK (Ep,) is
given by Eq. (A-2). On the other hand, using E,, Ep;
of Wish SIK (E,,) is given by Eq. (A-3), because
With SIK can transmit log,2M bit per frame.

Ep,=(log: M) E, (A-2)
Ep,= (log:2M) E, (A-3)

Therefore, Eq. (3) is obtained by substituting Eq.
(A-2) in Eq. (A+1), and Eq. (4) is given by substitut-
ing Eq. (A-3) in Eq. (A-1).

Input SNRs of PN Matched Filter
(Asynchronous CDMA)

Appendix B:

Here, we calculate Egs. (7) and (8); they mean input
SNRs of the PN matched filter under the asynchronous
CDMA. IQW1 18 RWi of Without SIK, and RWz is RWz'
of With SIK.

On condition that instead of the other channel’s
interference, a Gaussian noise whose power is equiva-
lent to the power of the interference is uniformly
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added in the SS-PPM’s frame, N, in Eq. (A-1) is
assumed to be shown in Ny+ Ny; Ny means the PSD of
the equivalent noise. Thus, Ry; is given by

Ep; 1

RWi:M+M: M)+]V—Or (A'4)
EPi EPi
where Nj is obtained by
M: (2/R0> Oﬁseudo (A'S)

where 03seuso is the mean square of the equivalent
noise, and R. is the chip rate of the spreading code.

Moreover, we calculate 05sewao in Eq. (A-5).
Figure A-+1 shows the mean square of the equivalent
noise. In Fig. A-1, (m—1) channels’ interferences
(PNi1, PNy, ++*, PNy,_y) is added in the SS-PPM
system’s frame; each mean square of PN; is defined as
0%, and its amplitude is defined as A. If only PN is
uniformly added in the SS-PPM system’s frame, the
mean square of the equivalent noise is estimated as
Lo*/(M+L—1). Thus, if nearfar problem is not
considered, the mean square of the equivalent noise by
(m—1) channels’ interference is estimated as Eq. (A
-6).

(m—1)Leo*

Obsento ="p L L —1 (A-6)

In addition, the mean square of the equivalent
noise is multiplied by the factor Cr(M, L); this factor
is described in the following appendixes. Thus, ¢%seudo
is given by

B (m—1)Lo*
poeudo A+ L —1

N; is obtained by substituting Eq. (A-7) in Eq. (A-5).

2(m—1)Lo*
(MFL—DR,

C:(M, L) (A-7)

No= Cr(M, L) (A-8)
Since Ep; and ¢ are given by Egs. (A-9) and
(A-10), respectively, Ny /Ep; is obtained by Eq. (A-

11).

2 (m-1)Lc*Cy(M,L)

cspseudo =

M+L-1

M tL

Fig. A-1 Mean square of equivalent noise.
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LA
Epl‘— Rc (A'9)
o*=A* (A-10)
N _ 2(m—1) :

Hence, from Eqs. (A-4) and (A-11), Ry; is given
by

1

N 2(m—1)
B, T M+L—1 &M L)

RWi (A-12)

Therefore, we can obtain Eq. (7) from Egs. (A-
12) and (A-2), and can get Eq. (8) from Egs. (A-12)
and (A-3).

Appendix C: Factor of Chip Asynchronousness;
(2/3)

Figure A-2 shows an example of the cross-correlation
function appeared in the output of the PN matched
filter between the PN matched filter’s PN code and the
other channels’ ones; a solid line shows the cross-
correlation function, and closed circles represent the
values of the cross-correlation function at the decision-
marking instant under the synchronous CDMA, and
open circles show the values of the cross-correlation
function at the decision-marking instant under the
asynchronous CDMA. Each open circle is shifted with
@ from its neighboring closed circle on the left (|¢|<
1 [chip]). The value of the mean square of these closed
circles is o2

We calculate the value of the mean square of these

Fig. A-2 Example of cross-correlation function appeared in
output of PN matched filter.

y
(xi, ¥)

(x,y)

(Xis1 5 Yis1)

X

Fig. A3 Coordinates of cross-correlation function.
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open circles; if the coordinates of certain neighboring
two closed circles in Fig. A+2 are defined as (x;, y:)
and (x:;11, ys+1), respectively, the value of the mean
square of these open circles corresponds to that of y
shown in Fig. A-3. y is obtained by

y_ i+1 7 i(x_xl_> +y2

o Xiv1— X; (A'13>

where p%.1, yiay; and f are given by Egs. (A-14),
(A-15) and (A-16), respectively.

Yia = 03 (A-14)
Yiriy: — 0 (A-15)
y2 > o (A-16)
Thus, the mean square of y is given by
1 Xiv1 9
Xi+1— Xi Jxs Y dx
1 .

=7(y?+1 + Yir1Vi +yz-2) (A-17)
Z%Gﬁ (A-18)

Therefore, as for the value of the mean square of
the equivalent noise, the asynchronous CDMA’s value
is 2/3 times larger than the synchronous CDMA’s one.

Appendix D: Factor of Cross-Correlation Charac-
teristic between Spreading Codes; F,

Though the mean square of the equivalent noise by (m
— 1) channels’ interference at the input of the PN
matched filter is estimated as Eq. (A:6), the actual
value of the mean square of the equivalent noise is
greater than the value of Eq. (A+6) because of the
cross-correlation characteristic between the spreading
codes as shown in Eq. (A+19); F, means the factor of
the cross-correlation characteristic, and it is larger than
L.

(m—1) Lo?
M+L—1

Table A-1 shows the values of F, at each L (we
confirmed that F, is independent of m at m=2, 4 and
6 [channel]).

(A-19)

/2 —
Opseudo = Fn

Table A-1 Values of the factor of cross-correlation characteris-
tic between spreading codes at each L.

L [chip] | Fi
31 |1.23
63 | 110
127 |1.03
255 | 1.00
511 | 1.00
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Appendix E: Factor that the Other Channels’
Spreading Codes Are Partially Exist
in the Frame; B (M, L)

Though the other channels’ spreading codes are par-
tially exist in the frame as shown in Fig. A-1, we
estimated that these spreading codes are uniformly
added in the SS-PPM systems frame as shown in Fig.
A+4. Therefore, we considered the factor B (M, L)
that the other channels’ spreading codes are partially
exist in the frame. In Fig. A-4, P, and Pj represent as
the areas of lines drawn at a slant. To obtain B (M,
L), we set (A-20) including factor B (M, L).

PiL=Pyg(M+L-1) (A-20)

where P; and Pj are given by Egs. (A:21) and (A-
22), respectively.

P=0(9%)=0(a) (A-21)
- ao
PB_Q( B(M, L)L )
M+L—1°
_ 2(M+L—1)
=9( BOL DT ) (A-22)

Equation (A-23) is given by substituting Eqs. (A-21)
and (A-22) in Eq. (A-20).
SMAL—1)\_ L
Q< B(M, L)L >_M+L—1 (@)

Thus, Eq. (A-24) is given by solving Eq. (A-23)
for B(M, L).

(A-23)

@M+L=1)
L{Q‘I(Mi“ﬁfl)}

B(M, L)=

(A-24)

We obtained a=1.2 from a pre-simulation. Thus, Eq.

L o’ Lo’B(M,L)

/ M+L-1
. I E !

M L-1 M L-1
P\ R Lo*BML)
® @ -
§§ EleR §§ ag M+L 1
-5 o5
g E Probability §& Probability
:9’»5 Density 25 Density
w ¥
XL X (M+L-1)

Fig. A-4 Meaning of P4 and Ps.
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(A-25) is given by substituting a=1.2 in Eq. (A-24).

1.44(M+L—1)
B(M, L)= (A-25)
o (83
M+L—1
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