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An Experimental Investigation of Interference Suppression

in Direct Optical Switching CDM Radio-on-Fiber System

Takeshi HIGASHINO†a), Student Member, Katsutoshi TSUKAMOTO†, Regular Member,
and Shozo KOMAKI†, Fellow

SUMMARY This paper describes the experimental ap-
proach of the Direct Optical Switching (DOS) CDM Radio-on-
Fiber (RoF) system. Improved carrier-to-interference ratio (CIR)
performance by using an Optical Polarity Reversing Correlator
(OPRC) in comparison to using a single switch decoder is exper-
imentally obtained. In addition, CIR performance deterioration
due to degradation of the extinction ratio of the optical switch
decoder is clarified from the theoretical and experimental view-
points. Finally, we confirmed that CIR performance is improved
more by using an M-sequence whose weight is even numbered
than by using an odd numbered one.
key words: microwave photonics, radio on fiber, CDM, inter-
ference suppression, optical polarity reversing correlator

1. Introduction

Microwave Photonics technologies enable us to open
a free space link for radio signals in optical fiber. On
the basis of the virtual radio free space networking con-
cept, we have proposed and studied the Radio-on-Fiber
(RoF) network (Radio Highway) [1], where radio sig-
nals from terminals are transmitted to a remote Con-
trol Station (CS) or other cells through photonic rout-
ing switches without any demodulation, and all com-
plicated functions are performed at a CS. A radio base
station (RBS) is only equipped with E/O (electric-to-
optic) and O/E (optic-to-electric) converters. As the
configuration for the RoF system, the bus type or pas-
sive double star optical link is desirable from the view-
point of low cost implementation and easy addition of
access points. As a multiple access method for the
RoF system, we have proposed the TDMA [2], [3] and
CDMA [4] methods by using a Direct Optical Switch-
ing (DOS) technique [5] which performs on-off switch-
ing at the optical switch. While the TDMA method
requires time synchronization among whole RBSs, the
CDMA method has many advantages, such as its asyn-
chronous accessibility, flexibility and transparency for
radio air interfaces. Furthermore, the optical CDMA
scheme is more suitable for the RoF system than con-
ventional electrical CDMA schemes because a higher
process gain can be obtained by using the broadband
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photonic devices when RF signals are multiplexed in
the optical domain.

The DOS CDM system can employ the M-sequence
and Gold sequence which are used in conventional ra-
dio systems by employing the Optical Polarity Revers-
ing Correlator (OPRC) [6]. In this work, we use the
M-sequence as a code for multiplexing. In the DOS
CDM system, a M-sequence is mapped into an optical
on-off intensity pulse sequence and at the OPRC re-
ceiver, two optical switches and a balanced mixing PD
perform de-spreading. Since the M-sequence and Gold-
sequence are generally superior in terms of distinct code
numbers, OPRC can improve its capacity. Moreover,
since the number of ‘1’s within a code period is about
one-half of the code length, the carrier-to-noise ratio
(CNR) can also be improved compared to using the
optical orthogonal codes (OOC) such as prime codes.
The principle of interference suppression using OPRC
in the DOS CDM RoF system was studied and exper-
imentally demonstrated [7], [9], [10]. This paper shows
the experimental investigation of CIR performance in
the DOS CDM RoF system. We obtained the improved
CIR performance experimentally by using an OPRC in
comparison to using a single switch decoder. In addi-
tion, CIR performance deteriorates with degradation of
the extinction ratio of the optical switch. Therefore we
also investigated the CIR performance deterioration ex-
perimentally. Furthermore, we observed that the CIR
performance is improved more by using an even weight
M-sequence than by using an odd weight M-sequence
in the DOS CDM RoF system.

The paper is organized as follows. In Sect. 2 we
show the configuration of the DOS CDM RoF system.
In Sect. 3 we show the interference suppression exper-
iment and experimental results. In Sect. 4 we discuss
the CIR degradation factor. In Sect. 5 we show CIR
improvement method using OPRC and the experimen-
tal results of measured CIR performance. Section 6
concludes this paper.

2. Configuration of DOS CDM Radio on Fiber
System

Figure 1 shows the configuration of the DOS CDM RoF
system. The DOS scheme can be realized by optical
switching. An optical carrier intensity modulated by
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Fig. 1 Configuration of DOS CDM system.

the RF signal is transmited from CS to each RBS via
the downlink. The IM signal is on-off encoded at the
optical switch (OSW) driven by an M-sequence. This
on-off switching is equivalent to sampling of the RF sig-
nal. Since the RF signal is a bandpass signal, the sam-
pling code rate requires more than twice the bandwidth
of the RF signal. M IM/CDM signals are multiplexed
at the output of CS and transferred to each RBS. At
the RBS, IM/CDM signals are correlated in the optical
domain at OPRC. At the OPRC, the two OSWs of the
upper side and lower side branches are driven with ‘1’
and ‘0’ symbols of the de-spreading M-sequence which
is identical to a desired RF signal. As a result, the
PD output current of the upper side branch is the sum
of the desired signal and the interference signals when
OSW is driven with the desired code, and the PD out-
put current of the lower side branch includes only the
interference signals. The output of OPRC is obtained
by the subtraction of the lower branch’s signal from the
upper branch’s signal. Thus, we obtain the desired RF
signal contaminated with some reduced-power interfer-
ence RF signals. At this stage, the desired signal is still
an on-off pulsed signal. Therefore, in order to obtain
the original RF signal, we finally interpolate it by using
a band-pass filter (BPF).

3. Experiment of Interference Suppression

3.1 Experimental Setup

Figure 2 and Table 1 show the experimental setup and a
summary of the specifications of devices, respectively.
The transmitter consists of Laser Diode (LD) and a
LiNbO3 intensity modulator (LN-MOD). The RF sig-
nal, generated from the signal generator, intensity mod-
ulates the LD with its wavelength of 1.3µm. The IM

Fig. 2 Experimental setup.

Table 1 Specifications of devices used in experiments.

LD module DFB Laser
(ORTEL 3541C) wavelength λ:1.3µm

output power:3.4 dBm
RIN:-149 dB/Hz
sensitivity γ:0.103W/A

LN modulator insertion loss:5.4 dB
(transmitter) extinction ratio=33dB
(SumitomoTMZ1.3-2.5) half-wave voltage Vπ:2V
LN modulator insertion loss:6.6 dB,
(receiver) 20.0 dB
(RAMAR corp.) extinction ratio>28dB

Vπ :8.5V,15V

PD(NEC NDL5481P1) sensitivity:0.91 [A/W]
RF modulation method π/4 shift DQPSK
RF carrier frequency 1.9 [GHz]
input RF power 10 [dBm]
chip rate of M-seq. 70 [kcps]–20 [Mcps]
code length 7-2047
bandwidth of RF signal 300 [kHz]

signal is on-off encoded by the LN modulator driven
with the rectangular pulsed M-sequence from an arbi-
trary waveform code generator.

The receiver consists of a 3 dB coupler, two LN
modulators (LN-MOD), an optical delay line (ODL),
two optical attenuators (ATT), a balanced mixing PD
(BMPD), a band-pass filter (BPF), and an RF am-
plifier. At the receiver, the received optical signal is
divided into two branches by the 3 dB coupler. The
divided optical signals are decoded by each LN-MOD.
The lower side LN-MOD is driven with an inversed in-
put M-sequence. At the BMPD, the decoded optical
signals are photodetected and subtracted. Then, the
desired RF signal is regenerated from the pulsed RF
signal and the interference signal is suppressed by in-
terpolation at the BPF. In this experiment, we use an
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Fig. 3 Waveform and spectrum of a transmitter output.

optical delay line in order to balance the light path
length of both branches. We also use an optical at-
tenuator in order to balance the optical power of both
branches.

3.2 Exprimental Results of Interference Suppression

Figure 3(a) shows an example of output waveform of
the transmitter output in the case of the code length of
127 and code frequency of 10 kHz. We can see that the
PN pattern is mapped into RF intensity-modulating
signal. Figure 3(b) shows an example of the spec-
trum of the transmitter output in the case that code
length is 31 and chip rate is 9Mcps. The spectrum be-
comes symmetric sinc type about the center frequency
of 1.9GHz. In this figure, the bandwidth of the RF sig-
nal is 300 kHz, and the harmonic components appear at
intervals of the code frequency, 300 kHz. Furthermore,
the spectrum zero point appears at the interval of the
chip rate.

The receiver output RF signal power was observed
by means of a spectrum analyzer. The desired RF sig-
nal power is measured when the transmitter and the
receiver use the same M-sequence. Code synchroniza-
tion between the transmitter and receiver is obtained
by using a clock. On the other hand, the interference
RF power is measured when the receiver uses the bit-
shifted M-sequence. Thus, we evaluate the interference
RF signal power.

Figure 4 shows the spectrum, space diagram and
eye pattern of the received, desired and interference
RF signals. In the case that the chip rate of the M-
sequence is 310 kcps, we obtained approximately 15 dB
CIR. From the space diagram and eye pattern, it is
evident that the desired RF signal is normally demod-
ulated, but the interference RF signal cannot be de-

Fig. 4 Spectrum, space diagram and eye pattern of received
desired RF signal and interference.

Fig. 5 Experimental result for received RF power.

Fig. 6 CINR versus code length.

modulated. This experimental result shows that an in-
terference suppression effect of the OPRC is obtained.

Figure 5 shows the received RF power of the de-
sired signal, interference and noise versus code length
L, when the transmitted RF signal is a non-modulated
carrier wave (1.9GHz) and the code period is fixed to
0.1msec. In the figure, the interference suppression ef-
fect of using the OPRC is increased as the code length
is increased in comparison to using a single switch de-
coder.

Figure 6 shows the CINR performance as calcu-
lated from Fig. 5. The parameter presented in this fig-
ure shows the chip rate in the measurement. The CINR
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is defined as the received radio signal power ratio of de-
sired signal and interference signal plus noise. In the
figure, the OPRC can improve CINR as the code length
is increased. For example, 13 dB CINR is obtained in
the case that code length is 31 chips, and 35 dB CINR
is obtained in the case that code length is 1023 chips.
On the other hand, the CINR performance was not de-
pendent on the code length and its value was around
6 dB.

4. Discussion of CIR Degradation Factor

In this section, we discuss the CIR deterioration fac-
tor from the experimental and theoretical viewpoints.
This theoretical analysis includes the extinction ratio,
insertion loss of the optical switch decoder and the sen-
sitivity of BMPD. Let rt, r1, r2 denote the extinction
ratio of the transmitter’s optical switch and these of the
two optical switches used on the receiver’s upper side,
and lower side, respectively. The extinction ratio of the
optical switch is defined as the optical power ratio of
On-pulse to Off-pulse. We assume that the insertion
losses of the upper side and lower side optical switches
are l1 and l2, and the sensitivities of the upper side PD
and lower side PD are α1 and α2, respectively. For the
received desired signal, the PD output current of upper
side branch, iCo1, and lower side branch, iCo2, are given
by

iCo1 = m
α1
l1
(Lc1 + rtr1Lc2)Pr, (1)

iCo2 = m
α2
l2
(r2Lc1 + rtLc2)Pr, (2)

where m is the intensity modulation index at LD, and
Pr is the average optical received power. Lc1 is the
pulse number ratio within a code length which is passed
through the upper side optical switch and Lc2 is the
pulse number ratio within a code length which is sup-
pressed by the upper side optical switch. These num-
ber ratios depend on the kind of spreading code and
code length. If using an M-sequence whose length is
L and whose weight is an odd number as a code for
multiplexing, Lc1 and Lc2 are given by L−1

2L and L+1
2L ,

respectively. Let η1, η2, and ∆η denote α1/l1, α2/l2
and η2/η1, respectively. From Eqs. (1) and (2), we can
derive the desired RF power, Codd, in the case of using
an M-sequence with its odd weight by

Codd =
1
2

[
mPrη1

{
(1− r2∆η)

L− 1
2L

+ rt (r1 −∆η)
L+ 1
2L

}]2
· RG

4
, (3)

where G is the total RF amplification gain after pho-
todetection, and R is the receiver load impedance.

For an interference signal, correspondingly, the PD

output currents of the upper side branch, iIo1, and the
lower side branch, iIo2, are given by

iIo1=m
α1
l1
(LI1+r1LI2+rtLI3+rtr1LI4)Pr, (4)

iIo2=m
α2
l2
(r2LI1+LI2+rtr2LI3+rtLI4)Pr, (5)

where LI1 is the pulse number ratio within a code
length after passing through the upper side optical
switch. LI2 is the pulse number ratio within a code
length suppressed by the upper side optical switch. LI3

is the pulse number ratio within a code length sup-
pressed by the transmitter’s optical switch. LI4 is the
pulse number ratio within a code length suppressed by
the transmitter’s optical switch and the receiver’s up-
per side optical switch. Therefore, LI1, LI2, LI3 and
LI4 are given by L+1

4L ,
L−3
4L ,

L+1
4L and L+1

4L , respectively.
From Eqs. (4) and (5), we can derive the interference
RF power, Iodd, by

Iodd =
1
2

[
mPrη1

{
(1−r2∆η)

L+1
4L

+(r1−∆η)
L−3
4L

+rt(1−r2∆η)
L+1
4L

+rt(r1−∆η)
L+1
4L

}]2
·RG

4
. (6)

Therefore, the CIR is given by

CIRodd(rt, r1, r2, L)

=

[{
(1−r2∆η)Lc1+rt (r1−∆η)Lc2

}
/ {

(1− r2∆η)LI1 + (r1 −∆η)LI2

+rt (1− r2∆η)LI3 + rt (r1 −∆η)LI4

}]2
(7)

= 4

[{
(1+rtr1−∆η (rt+r2))L+rtr1−1−∆η (rt−r2)

}
/{((1+rt)(1+r1)−∆η(1+rt)(1+r2))L

−(1+rt+rtr1−3r1−∆η(r2+rtr2+rt−3))
}]2

. (8)

Since the optical powers of both branches are balanced
by a tuning optical attenuator, ∆η becomes approx-
imately 1 for calculation. In the ideal case that the

Fig. 7 Comparison of theoretical CIR and measured CINR.
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Fig. 8 Relationship between CIRodd and r1, r2.

extinction ratios, rt, r1, and r2 are infinitely large,
CIRodd becomes L2−2L+1

4 . For L →∞, on the other
hand, CIRodd is limited by the extinction ratios as

CIRodd(rt, r1, r2) = 4
{
1 + rtr1 − rt − r2
(1 + rt)(r1 − r2)

}2
. (9)

Equation (9) shows that CIRodd becomes infinitely
large when the r1 and r2 are balanced except for the
case of rt=1. In this exceptional case of rt=1, Eq. (9)
becomes 1, and it is the critical situation for the re-
ceived CIR performance. Assuming that the extinction
ratio, rt, is infinitely large, Eq. (9) becomes simply writ-
ten by

CIRodd(rt =∞, r1, r2) = 4
(
1− r2
r1 − r2

)2
. (10)

From the numerator of this equation, the desired RF
power is related to the extinction ratio, r2, and from
the denominator of this equation, the interference RF
power is related to the imbalance of the extinction ratio,
|r1-r2|.

Figure 7 shows the comparison between measured
CINR and theoretical CIRodd considering the degrada-
tion of the extinction ratio. In this figure, the measured
CINR was obtained under the condition that (rt,r1,r2)
were (34,35,14) [dB]. Theoretical CIRodd performance
is calculated from Eq. (8) for the extinction ratio, rt

and r1 of 34 dB and 35 dB, respectively, which are the
same as the values in the experiment. In the figure,
the ideal condition is that all the extinction ratios are
infinitely large. It is seen from Fig. 7 that the slope in
the improvement of measured CINR with increased L
was less than that in the theoretical ideal case. The
theoretical result of CIRodd for r2 = 14dB illustrates
that this degradation in the slope is due to the extinc-
tion ratio lack in the lower side branch. For large L, the
measured CINR was saturated at about 30 dB. The rea-
son for this phenomena is evident from the theoretical
result, Eq. (10)

Here, we theoretically examine in detail the influ-
ence from the extinction ratio in CIRodd.

Figure 8 shows the relationship between CIR and

Fig. 9 Comparison of CIRodd(r1, r2 = 0) and CIRodd(r1 =
0, r2).

r1 or r2. The CIR values are saturated as large r1 or r2,
and the value is 4(1/r2 − 1)2 or 4(1/r1)2, respectively.

Figure 9 shows the comparison of CIRodd(r1, 0)
and CIRodd(0, r2). CIRodd(r1, 0) is slightly larger than
CIRodd(0, r2). In this experiment, the extinction ratios
of the upper side and lower side in receivers, r1 and r2,
are about 34 dB and 14 dB, respectively. Thus, trading
upper side optical switch and lower side optical switch
improves CIR by about 0.5 dB. In the case of using a
single switch decoder, CIRodd is converged to 6 dB, by
setting r1 to be infinitely great and r2 to be 0. This
matches the experimental result shown in Fig. 5.

5. CIR Improvement Method

In the DOS CDM system, there are two methods of
code mapping onto the optical on-off pulses; the even ‘1’
symbols in a M-sequence (we assume that the number
of ‘1’s is even) are allocated to the optical On-pulses, or
the odd ‘0’ symbols in a M-sequence (we assume that
the number of ‘0’s is odd) are allocated to the optical
On-pulses. By allocating even ‘1’ symbols in the On-
pulses of the IM/CDM signal format, we will be able
to construct an interference-free DOS CDM RoF sys-
tem. In addition, we experimentally examine its CIR
improvement.
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5.1 Orthogonal M-Sequence Multiplex Transmission

Assume that M IM/CDM signals are transmitting to
each RBSs from CS. Each spreading code is synchro-
nized, and then used to encode the RF signals. Bit-
shifted M-sequences are allocated to each spreading
code, c= {c0, c1, · · ·, ck, · · ·, cL−1}= {a, Ta, · · ·,
T ka, · · ·, TL−1a} are used as a code for multiplex-
ing, where T is the chip delay operator and a is one
M-sequence with the code length of L. Therefore, L
channels are applicable to the downlink. LD is directly
modulated by the k-th RF signal, gk(t), with the opti-
cal modulation index of 1. Direct Optical Switching is
performed at an OSW driven with a {0, 1}-valued M-
sequence, ck. We assume that the desired M-sequence
is ck = T ka, and the undesired ones are cm = Tma,
(m �= k, 0 ≤ m ≤ (M − 1)). Then, the intensities of
the optical signal to k-th RBS, Ik, and the multiplexed
optical signal, I, at the output of CS, are given by

Ik = PS(1 + gk(t)) · ck,

I =
M−1∑
m=0

Pr(1 + gm(t)) · cm, (11)

where PS is the peak transmitted laser power and gk(t)
is the RF signal. Pr is the received optical power given
by PS/Floss, where Floss is the optical loss between
CS and each of the RBSs. We assume that an optical
amplifier (OA) is equipped at each RBS and the gain
of each OA is equal to Floss, thus PS is equal to Pr. At
a BMPD in the OPRC, the output currents i and in
are given by

i =
M−1∑
m=0

αPrgm(t)cm · χ(ck), (12)

in = αPr

{
M−1∑
m=0

gm(t)cmn

}
· χ(ckn), (13)

where α is sensitivity of the BMPD, and n is the chip
number of the spreading code. {+1,−1}-valued se-
quence, χ(ckn)=2ckn − 1. The crosscorrelation func-
tion between φn=

∑M−1
m=0 cmn and χ(ckn) is given by

(see Appendix)

θ̂φ,χ(ck)(l) =
L−1∑
n=0

φn+l · χ(ckn)

=
L−1∑
n=0


ck(n+l)+

M−1∑
m=0
�=k

cm(n+l)


 · χ(ckn).

(14)

The cross-correlation value at l = 0 is,

θ̂φ,χ(ck)(0) =
L−1∑
n=0


ckn ·χ(ckn)+

M−1∑
m=0
�=k

cmn ·χ(ckn)




=
∑

{ckn=1}
(2ckn−1)+

M−1∑
m=0
�=k

∑
{cmn=1}

(2ckn−1)

= 2
∑

{ckn=1}
ckn − wt(ck)

+
M−1∑
m=0
�=k


2

∑
{cmn=1}

ckn−wt(cm)




= wt(ck) +
M−1∑
m=0
�=k

θcm,χ(ck)(0), (15)

where wt(ck) denotes the Hamming weight of ck, i.e.,
the number of 1’s in ck. θcm,χ(ck)(l) denotes the cross-
correlation function between the {0,1}-valued sequence,
cm, and the {−1,+1}-valued sequence, χ(ck). Then
(see Appendix)

θ̂φ,χ(ck)(0)=
{

L+1
2 for wt(ck)= L+1

2
L−1
2 − (M − 1) for wt(ck)= L−1

2

.

(16)

Since no interference component exists in the case of
an even weight M-sequence, it is possible to construct
an interference-free communication system.

5.2 Measurement and Theoretical Analysis of CINR

When applying M-sequence with its code length L and
even weight, CIR is derived in the same manner as in
Sect. 4 as

CIReven(rt, r1, r2, L)

= 4

[{
(1+rtr1−∆η (rt+r2))L+1− rtr1 −∆η (r2−rt)

}
/{((1+rt)(1+r1)−∆η(1+rt)(1+r2))L

−(1+r1+rtr1−3rt−∆η(r2+1+rt−3r2))
}]2

. (17)

We assume that ∆η=1 and rt→∞. CIReven and
CIRodd become

CIReven(r1, r2, L) = 4
(
1− r2
r1 − r2

)2
, (18)

CIRodd(r1, r2, L) = 4
{

(1−r2)(L−1)
(r1−r2)L−4+r1+3r2

}2
.

(19)

We also consider the noise power, N , which was mea-
sured as being around −105 dBm. We represent CINR
improvement between CINReven and CINRodd by the
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Fig. 10 Measured CINR and CINR improvement.

follow equation,

10 log
(
CINReven(r1, r2, L)
CINRodd(r1, r2, L)

)
. [dB]

Figure 10 shows the experimental result of mea-
sured CINR performance versus code length when us-
ing an even weight M-sequence compared to that when
using an odd weight M-sequence. In this figure, the
CINReven performance shows no change due to the
code length, and was observed around 23 dB. It is evi-
dent that the CINReven is limited only receiver’s noise
power. There is a CIR improvement of 12 dB in the
case of a code length of 7 chips compared to that with
the odd weight M-sequence. In the case that the code
length is 127 chips, a 4 dB CIR improvement is ob-
tained.

The measured CIR improvement value becomes
lower as the code length increases, because the extinc-
tion ratio limits the CINR performance. This phenom-
ena is also confirmed theoretically with Eqs. (18) and
(19), where CINRodd is approximated to CINReven

under the condition of L→∞.

6. Conclusion

In this work, we experimentally demonstrated interfer-
ence suppression in a Direct Optical Switching CDM
Radio-on-Fiber System. The OPRC enables us to use
M-sequence and Gold-sequence as codes for multiplex-
ing, and the interference suppression effect is obtained
by using OPRC instead of the single switch decoder. It
is found that the CIR performance is deteriorated and
saturated due to degradation of the extinction ratio of
the optical switch. Furthermore, we observed that the
CIR is improved by changing the code mapping method
using the even weight M-sequence to one using the odd
weight M-sequence. As a result of this experimental
investigation of the total DOS CDM RoF system, the
following were found:
(1) In the case of using OPRC, 13 dB CINR is obtained

in the case that the code length is 31 chips, and 35 dB
CINR is obtained in the case that the code length is
1023 chips. On the other hand, in the case of using
a single switch decoder, we obtained no improvement
even when the code length was increased, and its CINR
was around 6 dB.
(2) It is found that the leak power occurs due to the
degradation of the extinction ratio in the lower side
branch. CIR performance saturation is observed in the
region of the code length being long, that is, where the
leak power limits the CIR performance.
(3) We obtained CINR improvement of 12 dB in the
case of using an even weight M-sequence compared to
using an odd weight M-sequence in the case of the code
length of 7 chips. In the case that the code length is
127 chips, a 4 dB CIR improvement is obtained.
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Appendix: Cross-correlation Function in DOS
CDM System

u = {u0, u1, . . . , uL−1} or v = {v0, v1, . . . , vL−1} de-
notes a {0,1}-valued sequence with length of L. χ(v) =
{χ(v0), χ(v1), . . . , χ(vL−1)} denotes a {−1,+1}-valued
sequence, where χ(α) =2α−1 for α = 0 or 1. We define
that θu,χ(v)(l) is a periodic cross-correlation function
between {0,1}-valued sequence, u and {−1,+1}-valued
sequence, χ(v). This cross-correlation function is given
by [8]

θu,χ(v)(l) =
L−1∑
i=0

ui · χ(vi+l)

=
L−1∑
i=0

(uivi+l − uivi+l)

=
L−1∑
i=0

uivi+l −
L−1∑
i=0

uivi+l

= wt
(
uT lv

)
− wt

(
uT lv

)
, (A· 1)

where v is the inverse of v (v= 0 or 1). Furthermore,
θu,χ(v)(l) can be rewritten as

θu,χ(v)(l) =
L−1∑
i=0

ui · χ(vi+l)

=
∑

{ui=1}
(2vi+l − 1)

=
∑

{ui=1}
2vi+l −

∑
{ui=1}

1

= 2
∑

{ui=1}
vi+l − wt(u). (A· 2)

Thus, from Eq. (A· 2), we obtain
∑

{ui=1}
vi+l =

1
2

(
θu,χ(v)(l) + wt(u)

)
. (A· 3)

Let a and b denote an M-sequence with code length
of L. Assume that b=T τa and τ �= 0. The cross-
correlation value between a and b at the place without
shift is given by

θa,χ(b)(0) = wt(a · b)− wt(a · b)
= wt(aT τa)− wt(aT τa)
= θa,χ(a)(τ ). (A· 4)

Therefore,

θa,χ(a)(τ )=



wt(a) τ = 0
0 τ �= 0 and wt(a) = L+1

2

−1 τ �= 0 and wt(a) = L−1
2

. (A· 5)
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