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ILETTER

Polarity-Reversing Type Photonic Receiving Scheme
for Optical CDMA Signal in Radio Highway

Sangjo PARK”, Katsutoshi TSUKAMOTO, and Shozo KOMAKI!, Members

SUMMARY This letter newly proposes the polarity-
reversing type photonic receiving scheme based on bipolar corre-
lation for optical CDMA signal in radio highway. The proposed
scheme can more improve the limitation of the number of radio
base stations connected to radio highway and more reduce the
peak laser power at the radio base station than the conventional
unipolar type receiving scheme using prime codes.

key words: radio highway, CDMA, optical polarity reversed
correlator, bipolar code sequence

1. Introduction

Wide-band data transmission needs a lot of frequency
resources in future, and microcellular technology has
many problems including signal transfer among many
microcells. To solve these problems, we have proposed
radio highway network [1], where microcells are con-
nected by optical fibers among radio base station
(RBS)s and a control station (CS) and radio signals
are transmitted over them. As a configuration of radio
highway network, the bus type or passive double star
optical link is desirable from the viewpoint of low cost
implementation and easy addition of access point.

As a multiple access method of radio highway
network, CDMA will be a strong candidate because of
its asynchronous access property, flexibility and trans-
parency for various radio air interfaces. In radio
highway network, the optical CDMA is more suitable
than the conventional electrical CDMA [2] because the
high process gain can be gained by using the broad
bandwidth of optical devices when radio signals are
multiplexed in optical domain.

Up to this time, various optical CDMA methods
have been studied for digital signals in LAN. In
optical CDMA methods using the phase modulation of
optical signals, there are two methods in the
configuration of correlator such as the optical coherent
detection [3] and the optical phase modulator with
optical direct detection (DD) [4]. However, the
optical coherent detection is very complicated and the
correlator using phase modulators with optical DD
needs very fine narrowband optical filters that are very
sensitive to temperature changes. On the other hand,
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the optical CDMA method using fiber delay lines can
not be applied to analog radio signals, because its
spreading and despreading are performed by using
optical pulses [5]. So we have newly proposed direct
optical switching (DOS)-CDMA method, in which the
on-off switching at the optical switch (OSW) provides
the spectrum spreading of radio signals directly
intensity-modulated (IM) by the laser diode (LD) [6].
Thus any types of radio signal can be converted into
IM/CDMA signals. In this method illustrated in Fig.
1, only optical orthogonal codes such as prime codes
can be applied to obtain a desired process gain.
However prime codes suffer a limit in the number of
distinct code sequences, which results in the limitation
of the number of RBS’s connected to the radio high-
way. Therefore we should consider a new type of
DOS-CDMA method to which we can apply bipolar
codes such as Maximal length codes and Gold codes
used in radio system because those codes are generally
superior in the number of distinct code sequences
compared with prime codes.

For digital network using optical CDMA method,
sequence inversion keyed (SIK) direct sequence (DS)
CDMA’s that have been proposed in Refs. [7] and [8],
require specially balanced bipolar codes. In order to
allow the use of any unbalanced bipolar codes, the
power splitting ratio of the power divider at the optical
correlator has been controlled [9], and the two chan-
nels transmission using two wavelengths or two orth-
ogonal polarizations has been proposed [10]. In SIK
CDMA method, however, binary digital data are en-
coded and transmitted with the positive polarity and
the negative polarity of bipolar codes, thereby, its
correlating scheme at the receiver can not be applied to
DOS CDMA signals that are converted from radio

k-th RBS
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Fig.1 Conventional unipolar type receiving scheme for DOS
CDMA [6].
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signals and spectrum-spread by on-off switching.

In this letter, we newly propose polarity-reversing
type photonic receiving scheme to apply bipolar codes
to DOS CDMA [11], [12]. The polarity-reversing type
photonic receiving scheme is realized with only a
Mach-Zehnder Interferometer (MZI) and a bandpass
filter (BPF), while the correlator for SIK CDMA
requires two optical switches [8], [9], or four matched
filters [10].

2. Principle of Polarity-Reversing Type Photonic
Receiving Scheme for DOS-CDMA

Figure 2 illustrates the configuration of the transmitter
and the polarity-reversing type photonic receiver for
DOS-CDMA using the bipolar code ¢, (¢) having the
value of 1 or —1. At the k-th RBS, LD is directly
modulated by the radio signal, g, (¢), with the optical
modulation index of 1. DOS CDMA is performed at
OSW driven with the biased bipolar code 1X ¢, ()/2,
which has the code length L, the frame period Ty and
the chip width T¢. Then, the intensity of optical signal
from the k-th RBS is written by

1.(0) =Ps (14, (1) 1T )

where Ps is the peak transmitted laser power and g, ()
is the radio signal with its bandwidth B,, and carrier
frequency frr. At the receiver, many optical signals
from many RBS’s are correlated, photodetected and
filtered at the optical polarity reversed correlator
(OPRC), which is composed of an optical polarity
reversing divider (OPRD) and a balanced mixing
photodetector (BMPD). The OPRD is realized by a
MZI which comprises two beam splitter (BS)s and two
optical phase shifter (OPS)s. The OPRD is driven by
two switching voltages, v»1 and vy, proportional to
¢ (#). During the positive polarity period of ¢, (), the
phase difference between two OPS’s is zero and thus,

k-th RBS
2,0

. i_»lh(t)T
FromotherRBSsA ll, R . !,,'. "

k-th receiving scheme at CS

OPRC:Optical Polarity Reversed Correlator
1 OPRD:Optical Polarity Reversmg Divider
d Mixing P!

l,,(t)

BS:Beam Splitter

OPS:Optical Phase Shifter

L® ‘ P2 Qo1 ) io2(1) )

OPRC

luLLIULLNLMM» L il

Desired signal

finew faen it

Fig.2 Configuration of the transmitter and the polarity-
reversing type photonic receiver for DOS-CDMA using bipolar
codes.
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the upper port of OPRD outputs the optical signal.
During the negative polarity period of ¢, (¢), the phase
difference between two OPS’s is 7 and thus, the lower

port of OPRD outputs the optical signal. Output
currents of the BMPD are expressed as
, U t) 1 2 (1
() =aZ Py, (n TGO G 4y
J=1 2 2
(2)
. u (1) 1— ,
loz(t):CUEPrgj(f) I+¢(8) 1—cu(2) + i (2).
J=1 2 2
(3)

where @ and M are the responsivity of BMPD and the
number of connected RBS, i,:(#) and i, (¢) are addi-
tive noise currents, respectively. And P, is the received
optical power given by Ps/Fss, where Fiss is the
optical loss between each RBS and OPRC. We assume
that an optical amplifer (OA) is equipped at each RBS
and the gain of OA is equal to Fiss, thus Ps is equal
to Ps.
The input current to the BPF is given by

Io (1) =io1(2) —ioz2 (1) =15, () +ir (1) +in (£).  (4)

where is5,(#), i;(¢) and iy (¢) are the desired signal, the
interference and the additive noise, respectively. is, (¢)
and i (¢) are expressed as

1+, (1)

I, (1) = aPrg (1) =5, (5)
(0=, 2 aPo (0L ). ©)

The output currents, io;(#) and i (¢), show that for
the desired k-th signal the positive polarity of ¢, (#)
matches with the code of I,(¢) at the upper port of
OPRC, on the other hand the k-th signal is obstructed
at the lower port of OPRC, which results in no detec-
tion output current. For the interference signal [; (¢) (j
=+k), the upper or lower port of OPRC generates the
interference current only when the positive or negative
polarity of ¢;(¢) coincides with the same polarity of
¢, (t). Thus, the OPRC acts as the matched-filter for
IM/CDMA signals. The desired signal, is,(¢), is the
pulse amplitude modulation (PAM) signal generated
from the radio signal, g»(#). Since the positive polar-
ity of bipolar code sequence drives the OSW periodi-
cally with the sampling period 7 at the RBS transmit-
ter, each signal pulse in one code sequence period has
the same period Tr. Then, if the periodic frequency 1/
T is set to be at least twice radio signal bandwidth (=
2Byy), it is found from the bandpass natural sampling
theory [13] that the radio signal can be recovered from
only one pulse train in the code sequence. In this way,
we can obtain the desired radio signal contaminated by
some radio interference signals after the interpolation
at the BPF.
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3. Theoretical Analysis of Carrier-to-Interference-
Plus-Noise Ratio (CINR)

In this section, we theoretically analyze the carrier-to-
interference-plus-noise ratio (CINR) of the recovered
radio signal at the receiver. We assume that radio
signals, ¢;(¢) (j=1,2, -, M), are nonmodulated car-
riers which have the autocorrelations function, Ry (),

Ry (1) :% cos (2freT) . (7

The autocorrelation function of i, (¢) expressed as

Rs(2)=(

where Rc(7) is the autocorrelations of the code
sequence, ¢, (t), given by [14]

L) Ry (1) (14 Re(0)), (®)

L+1 & . 2<7rch>
Re(r)= L2+ Iz k__gkﬂsmc T
2rkt
os< T, > (9)

From Egs. (7)-(9), the carrier power of the recovered
radio signal at the output of the BPF is written by

c:%<“§’> <1+ L2> (10)

The autocorrelation function of the interference, 7; (2),
is expressed as

<z>—<M—1>("Pf> o (0) (142Re (7)

+Rs (7)), (11)

where R,(r) represents the autocorrelation of a func-
tion G (1) =c:(t)cx(t). The R,(r) is given by [15]

1 2rkt
"L 1+ (kz/L) “°S< Tr > (12)

where the value of a® depends on the kind of used
code sequence. For example, for Gold codes and
Maximal length codes, a,® is given by

2y _
%, for Gold code [16]

aozz (13)
for Maximal length code [15].

R@(T)*ao +22

1

L)
From Egs. (7), (9) and (11)-(12), the interference
power at the output of the BPF is obtained as
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_ 272 _
M I/QP’> L'+5L—1 for Gold code

2 0\ 2 4%
1= M—l/a/Pr>2L—H
2\ 2 L -

for Maximal length code.
(14)

Hence, the carrier-to-interference power ratio (CIR) is
written by

4L(L*+1)
(M —1) (L*+5L—1)’

(L*+1)
(M—1)(L+1)’

for Maximal length code.

for Gold code

CIR=

(15)

On the other hand, in the case of conventional
unipolar type receiving scheme using prime codes, the
CIR is given by [5]

1 )

(M—1) 0.29° (16)
where p is a prime number of the prime code, whose
length, L, is p%

At the output of BPF, we consider the additive
noise currents composed of relative intensity noise, the
shot noise, the receiver thermal noise, the beat noise
among amplified spontaneous emissions (ASE) of an
optical amplifier and optical signals, the beat noise
among ASE’s, and the optical signal beat noise. The
total noise power, N, is written by

N:NRIN+Nshot+Nth+Ns—sp+NSP—sp+<Ns—s> (17)

and each power is given by

CIRp uex

Neow— (45 By, ()
Nspor= 2ea/< 2r -I-MNspW)Brf, (19)
Na="Lg,, (20)
Noov=40" MNy o B, (1)

Nsp—SPZZ(UZMNsp)Z(W‘fo)y (22)

where, e, {pv, W, k, T and R, are the electric charge,
the power spectral density (PSD) of the relative inten-
sity noise, the bandwidth of optical filter at the CS,
Boltzmann constant, the noise temperature and the
load resistance, respectively. The PSD of the ASE,
Nsp, is given by

Nspzﬂ'—'Ga_ 1 hV

7a G, (23)
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where, Gg, 7sp, 774, and hv are the gain, the spontaneous
emission factor, the quantum efficiency of the OA and
the photon energy, respectively. On the other hand, the
optical signal beat noise is caused by an interference
among M optical carriers from M RBS’s. The optical
signal beat noise appears in the radio frequency band
after photodetection at the BMPD, but its frequency
location and its PSD depend on the frequency
difference among M LD’s and the spectrum of each
optical IM/CDMA signal, respectively. In this analy-
sis, we assume that the optical signal has the single
mode gaussian shaped spectrum and also that its center
frequency is a random variable with a uniform proba-
bility density [2]. Under these assumptions, we derive
the PSD of optical signal beat noise and its noise
power N;_s in signal band, which should be treated as
a random variable. So we investigate the optical signal
beat noise power by using its average power{/Ns_s>
[12].

From Egs. (10), (14) and (17), the CINR of the
radio signal regenerated at the CS can be represented
as

C

CINR “TIN"

(24)

4, Numerical Results of Performance and Discus-
sion

Some numerical results are discussed below with
parameters indicated in Table 1. Figure 3 shows the
relationship between the code length L and the CIR
for the proposed polarity-reversing type photonic
receiving scheme and the unipolar type receiving
scheme in the case of using bipolar codes for M =2. It
is seen from Eq. (15) that in the proposed receiving
scheme, the CIR is improved as the L increases. On the

Table 1 Parameters used in calculations.

CRIN -152dB/Hz Frr 1.9GHz
a 0.8A/W R 50Q
Nsp 2.0 T ] 300K
Na - 0.5 Gy i 6.5dB
By 300KHz w 1THz
60

T T Y

Unipolar type receiving scheme M=2

A Using Maximal length codes

50 O Using Gold codes = ]
Proposed receiving scheme ",

4 Using Maximal length codes

40 '™ Using Gold codes n A L

) "
— L - A -
& 30 - R
Q a
20 =" 1
A
10 [ 1
[ I ] [ EEER
0 . . .
10! 10* 10° 10° 10°

Code sequence length L

Fig.3 Relationship between code sequence length L and CIR.
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other hand, in the case of the conventional unipolar
type receiving scheme, there is no improvement for
both codes. This is due to nonspread component in
the interference which the unipolar type receiving
scheme cannot remove. It is from Eq. (A-3) that the
CIR for both cases using maximal length codes and
Gold codes equals to 4/(M —1) for large L. This
result means that bipolar codes can be applied to radio
highway by using the proposed polarity-reversing type
photonic receiving scheme. On the other hand, in the
case of the conventional unipolar type receiving
scheme, only prime codes can be applied. So in the
next figure, we compare the number of distinct code
sequences which result in the limitation of the number
of RBS’s connected to the radio highway.

Figure 4 shows the number of distinct code
sequences versus the code sequence length. Gold code
sequences are generated by combining a pair of prefer-
red Maximal length sequences using modulo-2 addi-
tion if the number of preferred maximal length
sequences is at least two [16]. On the other hand, in
the case of prime codes, the number of distinct code
sequences is equal to the prime number p for the code
sequence length of p? [5]. The number of distinct code
sequences for Maximal length codes and Gold codes is
larger than that for prime codes. Thus, for example,
comparing Maximal length codes and Gold codes of L
=8191 with prime codes of p*=8281, the number of
distinct code sequences for Maximal length codes and
Gold codes is 7 times and 90 times larger than that for
prime codes, respectively. Therefore, by using the
proposed receiving scheme we can assign larger num-
ber of distinct code sequences, thereby we can connect
larger number of radio base stations to radio highway
than the unipolar type receiving scheme using prime
codes.

Figure 5 shows the relationship between the peak
transmitted optical power Ps and the CINR for Maxi-
mal length codes and Gold codes of L=8191 and
prime codes of p?=8281. From Egs. (15) and (16),
large L or p? is needed to obtain large CINR for both
receiving schemes because the CIR is the upper limit of
the CINR. In the conventional unipolar type receiving

» 10° v T T
> » prime codes o
g A Maximal length codes o
2 10
4 o Gold codes a 1
w
@ a A
=3 3 4
g 107 o a A A
o]
s A x
£ 10% o . x * 1
< o L x X
(=) A x
[ 1 x -
g 10°F a X
E
L] A assial 1 ad, rarwwTT
“ W 10* 10° 10 10°

Code sequence length L

Fig.4 Number of distinct code sequences versus code sequence
length L.
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404 T T

Proposed receiving scheme
using Gold codes

L=8191 \

201

CINR [dB]

!-.'.

P )

£y

A

4 Unipolar type recefving
scheme using primg codes

p2=8281

50 40 30 -20 -10 0
Peak transmitted laser power Ps [dBm}

Fig. 5 Relationship between peak transmitted optical power Ps
and CINR.

scheme using prime codes, the carrier-to-noise power
ratio (CNR) awfully deteriorates the CINR as Ps
decreases because the signal power is in proportion to
P2/p®. However, in the proposed receiving scheme
using Gold codes, the CINR is not so abruptly deter-
iorated with the CNR as Ps decreases because the
signal power is in proportion to (Ps/2)? as given in
Eq. (10). From this result, the proposed polarity-
reversing type photonic receiving scheme using Gold
codes can reduce the peak laser power at the RBS in
the case that the peak transmitted optical power is
limited. ‘

5. Conclusion

In this paper, we have newly proposed the polarity-
reversing type photonic receiving scheme for optical
CDMA signal in radio highway. The carrier-to-
interference-plus-noise ratio of the recovered radio
signal at the control station has been theoretically
analyzed. Analysis results have clarified that bipolar
codes can be applied to optical CDMA for radio
highway. It is also found that by using the proposed
receiving scheme we can more improve the limitation
of the number of radio base stations connected to radio
highway and a little better carrier-to-interference ratio
can be obtained by using Gold codes than the unipolar
type receiving scheme using prime codes. It is also
found that the proposed receiving scheme can reduce
the peak laser power at radio base station. In this
analysis, we have not considered the dependence on
both the polarization and the optical frequency at the
OPRC. Further study for them will be required.
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Appendix

In the case of the unipolar type receiving scheme, from
Eq. (2), the interference current, i (¢), is given by
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(0=, 2 D71 (1+¢(0) 1+ ().

(A-1)
Autocorrelation function of i (#) is given by

Re(0) = (M 1) (455) Ry (2) (14 2R ()

+Re(1)). (A-2)
Then, from Egs. (7), (9), (10), (12) and (A-2), the
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CIR in the unipolar type receiving scheme can be

obtained as

CIRG,uc:

CIRy uc=

16L(L*+1)

(M—1) (4L*+L*+9L—1)"
for Gold code
4(L%+1)

(M—1) (L2+L+2)’

for Maximal length code.

(A



