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Proposal of Chirp Multiplexing Transform/Intensity
Modulation/Direct Detection System for Radio

Highway Networks

Yozo SHOJI', Katsutoshi TSUKAMOTO!, and Shozo KOMAKI!, Members

SUMMARY  This paper newly proposes the CMT/IM/DD
system for universal radio access networks where radio base sta-
tions (RBSs) and an optic backbone network are universally
available among different radio services and providers. In the
proposed system, the Chirp Fourier transformer at an RBS, con-
verts the received FDM multiple radio service signals into optical
TDM format signals, then transfers them over the optic fiber-link.
This paper is focused on the discussion about the performance
on the up-link of the CMT/IM/DD system. A new type of the
configuration of CMT and the direct demodulation for the CMT
signal are also proposed, and the SNR considering inter-symbol
and inter-channel interferences caused by the CMT is theoreti-
cally analyzed. Analysis results show that the overall SNR per-
formance of the CMT system is superior to the conventional SCM
system when the number of radio channels is more than 26.

key words:  chirp multiplexing transform, FDM-to-TDM con-
version, routing, radio highway networks, fiber-optic microcellular
systems

1. Introduction

Fiber-optic microcellular personal communication sys-
tems (PCS’s), where a large number of inexpensive ra-
dio base stations (RBSs) are connected via optical fiber
to a single control station (CS) at an economical lo-
cation, have many advantages such as flexible deploy-
ment, rapid roll-out, high frequency efficiency, cost-
effectiveness and reduction of power consumption of
handsets. The goals of microcellular PCS’s include
provision of multiple services such as voice, data, pic-
ture, and video. A single optic-fiber link has a great
broadband characteristic enough to deliver multiple ra-
dio services all together. However different providers
tend to independently construct their own infrastruc-
tures for reasons of the difference of service, frequency
band, and radio signal format. It needs a vast invest-
ment of time and cost to construct a new infrastructure.

To solve the problem, we have proposed the con-
cept of Radio Highway Networks[1]-[4] as a new type
of radio access networks universally available for any
kind of radio signal. The Radio Highway Networks
can reduce the time and the cost for new infrastructures,
keeping the advantages of microcellular system, since
different radio services can share RBSs and a backbone
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optical network. Different radio services are ordinarily
operated by different providers in different frequency
bands, and their CSs are located at different places. So
in order to handle multiple services universally, the Ra-
dio Highway Networks need the routing node (RN) to
distinct and switch each service signal into its desired
CS.

The conventional link to transfer radio signals via
optic-fiber is subcarrier multiplexing/intensity modula-
tion/direct detection (SCM/IM/DD) link, which has
the advantages in simplicity and cost-effectiveness of
RBSs(5]. However from the viewpoint of the realiza-
tion of RN, the SCM/IM/DD link has a primary disad-
vantage that the distinction of the desired service signal
at RN cannot be performed until all of the optical sig-
nals are photo-detected because the multiple radio ser-
vices are transfered over optic fiber in electrical FDM
format.

To solve this problem, this paper newly pro-
poses the new application of Chirp Fourier transformer
(CFT)[6] to the Radio Highway Networks. We de-
scribe the applied system as Chirp Multiplexing Trans-
form (CMT)/IM/DD system, where CMT at each RBS
converts the multiple service radio signals operated in
the different frequency bands into those operated in
TDM format before optical transmission. The con-
verted CMT signal can be demodulated by direct de-
modulator or using Inverse CMT. The benefit of this
system is that the extraction of the desired service can
be easily performed in optical domain by photonic
time switching. About the photonic time switching
to date, there are progressing techniques such as self-
routing photonic switching[7], and we can expect the
fast switch operation, the high cost-efficiency and the
large capacity. As the alternative to CFT, you may
think of the FDM-to-TDM conversion scheme using
digital signal processing[8]. However it isn’t suitable
for our purpose because it spoils the flexibility of RBSs
due to the requirement of digital processing and can-
not handle very broadband radio signals. On the other
hand, the CFT realized by SAW (surface acoustic wave)
devices is suitable because of its broadband character-
istics and the function as a real-time analog Fourier
transformer.

The CFT has been studied in many applications
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such as spectrum analyzer[6], time compression of sig-
nal[9], and multiplexer and demultiplexer in satellite
communications[10]. Especially group demodulator
using the CFT is proposed in [11],[12] where FDM
radio signals are transformed into TDM signal by the
CFT and demodulated by digital processing. And the
bit error rate performance is clarified by using simu-
lation analysis. However there has been no study of
signal performance in the CMT/IM/DD system where
CFT signals are transfered via optic-fiber link. There-
fore this paper proposes a new type of the configura-
tion of CMT/IM/DD system and theoretically analyzes
the signal-to-noise power ratio performance on up-link
considering the nonlinearity of LD, the receiver noises
in optical IM/DD link, and inter-channel interferences
(ICI) and inter-symbol interferences (ISI) caused by the
CMT. Furthermore this paper shows that the parallel
use of CFT proposed in [12] is also effective to improve
the signal-to-noise power ratio of the CMT/IM/DD sys-
tem.

This paper is organized as follows, Sect. 2 describes
the principle of CMT. Section 3 clarifies the character-
istic of the CMT signal. Section 4 describes the direct
demodulation scheme for the CMT signal and theoreti-
cally analyzes signal to inter-channel interference power
ratio (S/ICT) and signal to inter-symbol interference
power ratio (S/1SI). Next, Sect. 5 proposes a new type
of CMT to reduce ICI and ISI. Finally Sect. 6 theoreti-
cally analyzes signal to noise power ratio (SNR) taking
into account the LD nonlinearity and overall perfor-
mance including SNR, S/ICI and S/ISI, and compares
them with those of the conventional SCM system.

2. Principle of Chirp Multiplexing Transform

Figure 1 illustrates the configuration of Radio Highway
using a proposed CMT/IM/DD system. It consists of
the universal RBSs, CSs for each radio service, an RN,
and optic-fiber links to connect them. The universal
RBSs are equipped with CMT and E/O converter. As
shown in Fig. 1, the CMT converts multiple radio ser-
vice signals operated in multiband into those operated
in TDM format, and the converted signals are trans-
mitted into a optic-fiber link with E/O conversion. An

control sation

—. control sation

-—
Pholomc Swilch__@]\ ([EO&oR
Routing Node [(M0DEM]]

[SERVICE A

Fiber-Optic link
base
station

Fig. 1 Radio high-way networks using CMT/IM/DD system.
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RN distinguishes each service by its time position and
switches it into the desired CS by use of a simple pho-
tonic switch.

To investigate the operation of CMT, we assume
the bandlimited signal r(t).

r(t) = Relu(t)el?™ o) (1)

where u(t) is the complex envelope whose spectrum is
bandlimited into |f| < —Q‘gﬁi and fo is the center fre-
quency. The configuration of CMT is shown in Fig.2.
The CMT process is twice multiplication with a chirp
signal and a filtering with a chirp filter, but two iden-
tical processes (upper and lower process in Fig.2) in
parallel with an alternate gating function are needed in
order to obtain successive transformed output signals.
The first process in CMT is the pre-multiplication
of r(t) with an up-chirp signal, Cq(t). The term “up-
chirp” means that its frequency increases as time passes,
while “down-chirp” means that its frequency decreases.
An up-chirp signal can be obtained as an impulse re-
sponse of an up-chirp filter in which the higher fre-
quency component is delayed longer. Introducing a
complex low-pass up-chirp signal c(t), the up-chirp sig-
nal with its center frequency f,, C,(t), is given by [9]

C,(t) = Re[V2c(t)ed* /a1 (2)
_ [ exp(i2nBe?/2) (—F £t<F)
c(t) = { 0 (otgerwise) ’ (3)

where 3 is the chirp slope in [Hz/s] and 7 is the chirp-
ing dispersion time. Then we can define the frequency
range of sweep, AF, as

AF = 3T. (4)

For the upper and the lower processes, we need
two alternately gated up-chirp signals with their pe-
riod 27., C,(t) and C(t). They are obtained by mul-
tiplying a successive up-chirp signal with its period T¢,
S ne o Calt = kT;), by two alternate gating functions,
G(t) and G(t — T.), with their period 27:

G(t)= > glt —2kT.) (5)
k=—2
1 (Fsts)
9(t) _{ 0 (otﬁerwise) ’ (6)
Then C\,(t) and C;(t) are written by
Cu(t) = Y Calt—2mT) (7)
Gty= Y Cult-(2m+1)T) (8)

The radio signal r(t) is multiplied by the gated up-
chirp signals, C,(t) and C(t), separately on the up-
per path and the lower path as shown in Fig.2. The
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Chirp filter
h(t)

4

Fig. 2 Configuration of CMT.

multiplication generates two components in (fy — f,)
frequency band and (fo + f,) frequency band. Any im-
age frequency component and any overlap of the two
frequency band signals are not generated in the case of
'fO_fa| > (AF+Btotal)/2 and fa > (AF+Btota1)/2-
Therefore we can use either of frequency band signals
for the next filtering process using a down-chirp filter.
However since the carrier frequency of radio signal f;
is microwave or millimeter wave band in recent trend,
it seems comparatively difficult to realize a chirp filter
with high frequency, (fo + f,). Consequently it is rea-
sonable to use the up-chirp filter in the lower frequency
band (fo — f,) for the filtering process. Hence,

T‘(t) : Cu(t) =

[ x
Re Z gu(t)c*(t - QmTC)eﬂ”(f"f“)t} (9)
r(t)- Cilt) =
r oc 2 .
Re Z %u(t)c* (t~(2m+l)Tc)e]2"(f°_f“)l}

(10)
and the impulse response of the up-chirp filter, h(t). is
given by
Re |/Bes?m(31*-aF1) .ejzrr(frfu)t]

(0<t<2T) (I
0 (otherwise)

h(t) =

Therefore, the outputs after the filtering process on each
path, z,;(t) and z,o(t) are written by

‘rul(t) = {r(t)cu(t)} Q h<t)

=Re| Y U<2'">(t)c§§’”)(t)J (12)
zi1(t) = {r(t)Ci(t)} ® h(t)
— Re Z br(?m-{»—l)(t)ci(}?mwhl)(t):! (13)

where ® denotes convolution, and U¥)(t) and Ci(jf)(t)
are given by
fi& u(r + kT,)e 727 8lt=(k+ )T 7 g

2

(‘TC/Q <t- ch < Tc/2)

fzz;q U(T + ch)e—j2ﬂB[t—(k+l)Tc]-rd7.

C (T/2<t—kT. <3T./2)

I .

ft—22TC U(T)e—]Z‘rrB[t—TC]TdT

(3Tc/2 <t — kT. £ 5T,/2)
0 (otherwise)

Uk (t) =

. (14)
Cf}“)(t) = _42@6]27r;3[‘_*(‘“;2”7c_)2 . eI2m(fo—fa)t (15)

Figure 3 illustrates the input and the output signals of
the chirp filter in the time domain. In Eq.(14), the
part in the range of % < t—kT, £ 3,% that 1is,
U™ (t)g(t— (k+1)T.) is shown as the shadowed part in
Fig.3. It corresponds to the Fourier transform of u(t)
gated in the time range T, necessary for our purpose.
Then, the necessary parts from each path, z,5(¢) and
x2(t) are extracted by gating functions, and summed.
The result is written by z,(t).

za(t) = Re i UBGC gt - (k+1)T)
k=oc

(16)

It is found from Eq.(16) that the center frequency of

xo(t) increases periodically due to Cf}c)(t). It can be

eliminated by further multiplying z5(t) by a down-chirp
signal C.(t), which is given by

Cc(t) = Re[V2c* (t)e??Fa1] (17)

After band-pass filtering the z3(t) (= z5(t) - C.(t)) with
its center frequency fp, we finally obtain the desired
CMT signal, V(t).

V(t) = Re[v(t)el?™ /ol (18)
o(t) = Y UN@)-g(t = (k+1)T) (19)
k=—-oc
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Chirp filter %‘%‘%
h(t) —

Fig. 3 Input and output signals of the chirp filter.

where the amplitude constant /23/8 and the phase con-
stant are dropped. U (¢)-g(t — (k+1)T,) is referred to
as Time Limited Fourier Transform (TLFT) signal in
this paper because it is the Fourier transform output of
u(t + kT,) - g(t) where the conversion of the frequency
axis to the time axis, that is, f axis to 3t axis is executed.
The time waveform of the TLFT signal represents the
spectrum information of u(t + kT¢) - g(t), but it is fur-
ther limited in the time range of T,. Consequently it is
necessary that 3T, covers the spectrum range of radio
signals, Biotal.

AF = 3Tc 2 Btoml (20)

Under this condition, the CMT can successfully per-
form FDM-to-TDM conversion of radio signals. On
the other hand, we supplement that the spectrum shape
of the TLFT signal represents the time waveform of
u(t + kT.) - g(t), and also bandlimited in the range of
3T. = AF.

3. Consideration on CMT/IM/DD System for
FDM-PSK Signals

In this section, we discuss the characteristics of the
CMT signal assuming FDM-PSK radio signals. Figure
4 shows the analysis models of CMT/IM/DD system
and SCM/IM/DD system for a compared system. In
the CMT/IM/DD system, the CMT signal whose low-
pass equivalent is represented by Eq. (19) directly modu-
lates Laser Diode (LD) and is transfered via optic-link.
The receiver at the CS detects the optic signal and di-
rectly demodulates the information using the proposed
demodulator described in Sect.4. On the other hand, in
the SCM system, the FDM-PSK signal directly modu-
lates LD and is similarly transfered via optic-link and
the information is demodulated by optimum demodu-
lation using matched filter at the CS.

The low-pass equivalent of FDM-PSK radio sig-
nals with (2A7 + 1) channels is written by

M oc

u(t) = Z Z f(t _.nT)ej[leAfthh,] 1)
{ -

=—Afn=—2

where 8;,, is the n-th modulation phase of the /-th FDM
channel. T, Af, and f(t) are the symbol duration, the
channel separation, and the pulse waveform bandlim-
ited into B, respectively. Then the total bandwidth,
Biotal, 18 Written by

B?otuf = (2;\[ + 1)Af (22)
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FDM radio signals '/V CMTH E/O O/E HDemod
(a) CMT/IMDD link
JMMN\

'
(b) SCM/IMDD link

Fig. 4 Performance analysis models of CMT/IM/DD system
and SCM system.

We investigate the k = Oth TLFT signal in v(t)
when Eq.(21) is substituted into Eq.(19). We represent
it as vg(t).

T
z —32n3(t— T T 3
vg(t) = /—% u(t)e 32m3(t=Te)7 g (-2—6 <t<L §TC>
(23)

Assuming the perfect synchronization between the sym-
bol timing of u(t) and the chirping dispersion time T,
vo(t) becomes

%4 ¢ . T 3
wt)= 3 S Sult)- et (ggt%n)

I=— M n=-o0
(24)
Sin(t) = 3G(8t)
€ [F[B(t -T.) - lAf]e*ﬂ’T{»’?(t—Tc)—IAf}nT}
(25)

where G(f) and F(f) are the Fourier transforms of
g(t) and f(t) respectively. Si,(t) corresponds to the
pulse waveform of the n-th symbol of the I-th channel.
Note that the words “channe!” and “symbol number”
described in this paper consistently indicate those in the
original FDM-PSK radio signals defined in Eq.(21).

Equations (24) and (25) can be generally applied
to any kind of pulse waveform, f(¢), and any value of
Af. However we focus our discussion on the case that
f(t) is pulse-shaped by the root Nyquist filter. Then
F(f) is given by [13]

1 (U L{f)
F(f)=q coslzz(fl =50 (57 <= 37)
0 (otherwise)
(26)

where a is the roll-off index. Figure 5 illustrates the re-
lationship between the original radio signal «(t) and its
spectrum U(f) and the resultant CMT signal vo(t) and
its spectrum Vo(f). It is seen from Eq.(25) and Fig.5
that the CMT signal consists of multicarrier PSK sig-
nals with carrier spacing 37, and pulse duration Af/S.
The different symbol in a certain channel is converted
to the different carrier frequency in the same time slot,
while the different channel’s symbol is converted to the
different time slot. Furthermore, the CMT signal is rect-
angularly bandlimited into the frequency range of AF,
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and its time waveform is limited into the time range of
1., as described in Sect. 2.

If the chirping dispersion time, T, is infinite (T, —
oc), we can ignore the convolution with G(8t) in
Eq.(25), thereby the set of Si,,(¢t)(I = —AM,--- ,M;n =
—20.-+-.2c) becomes orthogonal set and no ICI and
no ISI occur (see Appendix). However it can be seen
from Eq.(25) and Fig.5 that in the resultant time do-
main, each pulse waveform corresponding to a channel,
F(3t — IAf) @ G(Bt), has a spreading sidelobe even
if F(f) is perfectly bandlimited. This spread causes
interchannel interference (ICI). On the other hand, in
the resultant frequency domain, each spectrum shape
corresponding to a symbol, f(f/8 — nT) - g(f/3). is
partially truncated. This truncation causes intersymbol
interferences (ISI) because of the imperfection of the or-
thogonality between different symbols even if the set of
f(t =nT)(n = —o0,---,00) is orthogonal set.

Here in order to estimate the number of carriers to
be considered in the following analysis, we examine the
symbol energy of S;,(t). Figure 6 shows the symbol
energy of Sy, normalized by the symbol energy of Syq
versus the symbol number n in the case of T,./T = 5.0.
It is seen that the energy of the symbols out of cen-

~\
(2p+1) symbols. center

S/‘SP* o ?/g(l) channe] ¢~ (2M+1) channels —

1(-2)°1-1) 210 Pl 212 3( Z)nSH\nSOn s“‘ S2n

f(y

TowestTreq. chammel
|CMT lowest rea- Shae  freq, channet

K(ZM-)!)channcls\ /,/-—lZPH)symbols’x g(f/ﬁ)
S2n S0 00 Slnsﬂz:/m) Sy 1SS Si S, b
f >
U | S
\ T J oF J
( Original FDM radio signal ) ( CMT signal )
Fig. 5 Radio signal and CMT signal.

= 0
=
o ey 220
&l 8
2B
> 40
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symbol number #n
Fig. 6 Normalized symbol energy versus symbol number.
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ter T./T symbols, that is, the energy of So_3 and Sgs
in this example, suddenly decreases, and it is less than
—36[dB] of the energy of Sy at o = 1.0. Consequently,
we approximate the number of carriers considered in the
following discussion as 7. /T. Then when T./T is rep-
resented by (2p + 1;p is a positive integer), vo(t) can be
rewritten as

M P
w(t) x> Y S (t)el? Q27)

l=—M n=-—p
4. ICI and ISI Performance Analysis

Figure 7 shows the configuration of the proposed sub-
optimal correlation receiver. The term “suboptimal”
indicates that the correlated waveform with the received
CMT signal in the receiver is the waveform neglecting
the convolution with G(3t) in Eq.(25). The demodu-
lator performs the multiplication of the received CMT
signal with F(8t—IAf) and e27197TIt which is followed
by an integrater and a decision circuit. In the demod-
ulator, where the perfect synchronization of frequency
and phase, and the condition of “AfT = integer” are
assumed. The latter condition is desirable to make the
configuration of the receiver simple. Under the condi-
tion of “AfT + integer,” the carrier phase in S, (t)
(Eq.(25)) changes according to the channel number [,
therefore the receiver needs to control the phase of mul-
tiplying carriers according to the value of [.

Furthermore, when the proposed receiver is ap-
plied to the case of asynchronous symbol timing be-
tween channels, both of the phase and the frequency of
the multiplying carriers have to be changed according
to the channel number .

The decision sample of the demodulated n-th sym-
bol of the I-th channel, @, is written by

tiy
Qn = / vo(t) S} (1)t

tia

_ [ Sin(t)eIn] S) (t)dt
[ ]

tia

Qp
X Integrater ] ¥o{ Decision H  Quin
expl j2n(f0+pTy ) Qp1) [iredats [P Q10
Integrater } °'i ision l‘sequence
CMT .
signal [expl32x(fo+@-DETH]]
F(pt - 1AD| 3= ;
: Qq.p
Integrater *")g > QMyn

expl j2r (fQ-pp Tt}

Fig. 7 Configuration of suboptimal correlation receiver.
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A P tis _

+ >y / [Sks(t)e?®<] 57, (£)dt (28)
k=—M s=—p" lia

k¥n s¥n »

Si (t) = F[8(t — T.) — IA fle?mB=TInT  (29)
1 B

=T.+ =(IAf — — 30

tia ct 3( f 2) ( )
1 B

= = - 31

iy TC+B(1Af+ 2) (31)

The first term of Eq.(28) represents the desired signal
and the second term represents ICI and ISI. Conse-
quently when we demodulate the n-th symbol of the
I-th channel, the signal-to-ICI power ratio (S/ICI) and
signal-to-1S1 power ratio (S/ISI) are derived as

() - (e[S sutSi, 0ar])
Icrj,, ( ‘2}:4\1 Re {f:}'ﬂb Skn(t)sll-,,(t)dt})z
k£l
(32)

(_S_) ) (Re [f:l'a"szn(t)S,’n(t)dtDQ
IS1/,, ( ?__ Re [fj:s,s(t)s;n(t)dt])?
s+n )

Figures 8 and 9 show the S/ICI and the S/ISI per-

100

e
(=]

%

S
(o)

(S/1CI )y, [dB]

20 /r- (‘number of channels:2M+1=3)
0 10 20 30 40 50
normalized chirping dispersion time T, /T

Fig. 8 S/ICI versus chirping dispersion time.

60

50

40

30

(S/181)gy [dB)

0 10 20 30 40 50
normalized chirping dispersion time T, /T

Fig. 9  S/ISI versus chirping dispersion time.
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formances of the center channel versus chirping disper-
sion time normalized by symbol duration (7./T"). The
total number of channels, 2Af + 1, is 3, and the roll-off
index a and the symbol number n are parameters. In the
figures, n = p indicates the highest frequency symbol in
the CMT signal.

As described in Sect. 3, the convolution of G(ft)
with F'(3t) causes spreading sidelobes of each channel’s
pulse, therefore the ICI. Figure 8 shows the most high-
est frequency symbol is most degraded and its S/ICI
doesn’t change even if the T, becomes large, though the
S/ICI of the center frequency symbo! or the identical fre-
quency symbol increases. The reason is that the larger
spreading of sidelobe in the time domain is caused by
the larger truncation of originally spreading sidelobe in
the frequency domain, and the highest frequency symbol
in the CMT signal suffers from the largest truncation
(see Fig.5).

On the other hand, it is seen from Fig. 9 that the
difference of the roll-off index influences the S/ISI more
than that of the symbol number, and o = 1 gives the
maximum S/ISI. The reason is that the spreading of
each symbol’s spectrum shape in the CMT signal be-
comes narrowest when o = 1, and it results in the small-
est truncation part and distortion.

5. The Double CMT System

As shown in Sect.4, the S/ICI and the S/ISI perfor-
mances of the highest and the lowest frequency symbol
in the CMT signal are most degraded and dominate the
total system performance. Figure 8 shows that there ex-
ists 34[dB] difference between the S/ICI of n = p and
that of n =p—1 when T,,/T = 5.0 and a = 1.0.
Similar problem occurs in the Group Demodula-
tion system using Chirp Fourier transform for FDM
signals. To solve this problem, the dual-parallel use of
Chirp Fourier transform has been proposed in [12]. In
the system, the chirp sweep timings of the two transform-
ers are offset by half of the chirping dispersion time from
each other, and only the center k/2 symbols (k = T, /T')
from each transformer output is used for demodulation.
The parallel use of Chirp Fourier transformer is
also effective for our system, and we call the system
“Double CMT system.” However, we have to trans-
fer the two output signals from CMTs through ana-
log optic-fiber link simultaneously and demodulate the
transformed signal at the CS. One solution is to prepare
two independent optic-links to transfer the two parallel
outputs from CMTs, but it increases the complexity of
network configuration. So we propose to multiplex the
two parallel outputs into a single optic-fiber link with
TDM format. Figures 10 illustrates the configuration of
the double CMT system. It consists of two CMT whose
chirp sweep timings are offset from each other by half
of the chirping dispersion time, 7,./2, in the case of
“T./T = even integer,” otherwise by (T. + 7')/2 in the
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Fig. 11  Configuration of the receiver for double CMT system.

case of “T./T = odd integer.” Equation (19) shows
that when we enlarge the frequency range of sweep,
AF, into more than double of total radio bandwidth
Biotal, we can reduce the time width of the TLFT sig-
nal, UM (1) g(t — (k+ 1)T..), to less than T,/2. Conse-
quently two CMT outputs are time-division-multiplexed
by simply adding the two outputs.

Figure 11 illustrates the configuration of the re-
ceiver for the double CMT system in the case of T./T =
4.0. At the receiver, we use only center T, /2T symbots
in the frequency domain to demodulate and it is suffi-
cient to prepare only 7, /(2T) demodulation circuits in
the case of “T,./T = even integer.” The sampling pro-
cess is executed at the interval of the half of Af/3 and
the demultiplexing for two parallel CMT outputs is not
required. In the case of “T./T = odd integer,” we need
(T. + T)/(2T) demodulation circuits.

Another important merit of the double CMT sys-
tem 1s a robustness against the imperfect synchroniza-
tion between the chirping dispersion time period and the
symbol duration assumed in Sect.4. The imperfection
generates more truncated part and performance degra-
dation mainly to the highest or the lowest frequency
symbol in the CMT signal. However the double CMT
system doesn’t use the damaged symbol for demodula-
tion.

6. Theoretical Analysis of SNR and Overall Perfor-
mance

In this section, we theoretically analyze the signal-to-
noise power ratio (SNR) at the suboptimal correlation
detection in the CMT/IM/DD system. Here assuming
the T, is enough larger than T, we neglect the effect
of the convolution with G(58t) in Eq.(24). The sub-
optimal correlation detection becomes the optimum de-
tection scheme which maximizes the SNR because the
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signal for correlation at the receiver is matched to the
waveform of received signal.

Expressing the non-linearity of LD by use of poly-
nomial equation[14], the optical intensity P(¢) from
the LD modulated by the CMT signal is given by

P(t) = Py[1 + mV(t) + ap{mV(t)}?
+ag{mV(t)}* + -] (34)

where Py is the average transmitting optical power and
m is the modulation index. When this optical signal is
received at the CS, the output current of photo-diode
(PD), I,(t), is given by

Io(t) = aoPr (1 4+ mV(t))
+ IRIN(t) + Ishot(t) + Ith(t) + IimB(t) (35)

where P, and o, are the average received optical power
and the responsibity of PD, respectively. Igrn(t),
Ishot(t), and Iy (t) are the relative intensity noise cur-
rent, the shot nose current, and the thermal noise cur-
rent, respectively. I;,,3(t) is the 3rd order intermodula-
tion distortion current. Assuming each noise current is
white noise current, the power spectrum density (PSD)
level of each noise current is given by

nRIiN = RIN (aopr)2 (36)

Nshot = 26aol:’r (37)
4k pT,

ne = — (38)

where RIN, kg, Tin, and R are the PSD of relative in-
tensity noise of LD, Boltzmann constant, the noise tem-
perature, and the load resistance, respectively. In the
case of the N unmodulated carriers with equal ampli-
tude and equal frequency spacing, the IM3 power in the
k-th carrier band, < I7,5 >(n ., is given by [5],[15]

< IizmS >(N.k)

173 3p(2) 3 3pB) ’ P2

5\ 7%™ Div kg + 593Dy (o Pr)
(N 23)

0 (N <3)

(39)
1 1 ;
DRu =5 =2 {1-(-D¥} (-1 (0

k 1
DR = SV =k+ 1)+ {(N -3 -5}

_ % {1 - ()N} (~)N+* (a1)

The < IZ,; >(nx has the largest value at the center
carrier frequency band. We assume that the IM3 cur-
rent in the CMT system is the bandlimited white noise
current with its PSD level of n;,3.

(2]3 + 1) < ]i2m3 >(2p+1,p)
Nim3= AF
0

(2p+123)
(2p+1<3)
(42)
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where 2p + 1 is the number of carriers represented by
2p+1=T,/T.
The symbol energy E is written by

1 SN
E, = —(QOP,‘)QmQ/ F%(3t)dt
2 —oC

T.
TA

1
= —(aoPy)*m?
2
where the modulation index m needs to satisfy the fol-
lowing condition in order not to cause the over modu-
lation distortion at LD in Eq. (34).
1 T

< = 44
M=ol T (44)

(43)

It is seen from Egs. (43) and (44) that the symbol energy
E, decreases as AF increases because the pulse wave-
form of the CMT signal becomes narrower, and that
E, also decreases as T, becomes large because the num-
ber of carriers, that is, 7. /T increases and m should be
proportional to the inverse of it.

The SNR at a sampling time of the correlation de-
tection, that is, the energy contrast, is given by,

S E )
(T) = - ‘ (45)
N cmt NRIN + Nshot T Nth + Nim3

There exists the optimum modulation index m,y; which
gives the maximum SNR because ngrix, Nshot and ngp
are independent to the modulation index m, while E
increases proportional to m?, and n;m3 increases pro-
portional to m®. The m,p is given by

1
NRIN + Nshot + Tp \ ©
Mopt = ( ° (46)
9.
‘-nsz|m:1

where m,p; needs to satisfy the condition of Eq. (44).
Regarding the frequency range of sweep, AF, we can
choose value of AF more than Bioq; (Eq.(20)), but
since E is proportional to the inverse of AF, it should
be the following value:

AF = { Biotatl (Single CMT)

(double CMT) (47)

2‘Btotal

Figure 12 shows the (S/N)¢,¢ versus the number of
FDM radio channels for both the single CMT scheme
and the double CMT scheme, and for different values of
the normalized chirping dispersion time, T,./7T. In the
calculation, the optimum modulation index m,p: and
parameters shown in Table 1 are used.

It is seen from the Fig. 12 that the SNR decreases
as the number of channels increases and that the SNR
of the double CMT is degraded than the that of the sin-
gle CMT scheme because the increase of the frequency
range of sweep, AF, causes the decrease of the symbol
energy. It is also seen that the SNR for large T./T is
degraded because of the increase of the intermodulation
distortion power, so it is desired to use small 7,.,/T. In
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Table 1  Parameters used in calculation.
RIN | —152[dB/Hz] | Ty 300[K]
Qo 0.8[A/W] R 5080
as 0.01 P | —10[dBm]
1/T 192 symbol/s | Af 2/T

the figure, the SNR performance of the conventional
SCM scheme is also shown. It is seen that the SNR
of the SCM system more rapidly decreases compared
to the proposed system as the number of channels in-
creases because of the increase of the intermodulation
distortion power. As a result, the SNR performance
of the proposed system becomes superior to the SCM
system in the condition of large number of channels in
spite of the value 7,./T. In the case of 7,./T = 5.0, the
SNR of the single CMT system is superior at the number
of channels more than 6, and that of the double CMT
system is superior at the number of channels more than
8.

Figure 13 shows the overall SNR performance of
the proposed system considering the S/ICI, the S/ISI
and the SNR, which is given by

SRR ORCORONE

In the calculation of the (S/ICI) and the (S/IS]), a =
0.5 is assumed, and we examine the performances of
the most degraded symbol, that is, the highest frequency
symbol in the CMT signal. It is seen from the figure that
the overall performance of the single CMT system is in-
ferior to the SCM system in spite of value 7,,/T because
it is dominated by the low S/ICI performance. On the
other hand, the double CMT system can much improve
the overall performance because it is dominated by the
SNR performance shown in Fig. 12, and it is superior
to the SCM system at T./T = 5.0 and the number of
radio channels more than 26. In the figure, 3[dB] im-
provement of the overall performance is obtained when
the number of channels is 50 and T./T = 5.0. This
superiority is caused by the fact the CMT system can

NI | -El ectronic Library Service



1404
60
SCM — T, /T=50
550N e T./T=100
— T./T=200
g0 =05

S asf =g T
o e~
<20
«
35 ‘
Single CMT
S — ) S
30[ === -
2 10 20 30 40 S0
number of channels
Fig. 13 S/(N+1) versus the number of channels.

decrease the number of carriers and is tolerable against
the LD nonlinearity. Consequently, the performance of
the CMT system is superior to the SCM system in the
condition that the LD nonlinearity dominates the signal
performance.

7. Conclusion

In this paper, we proposed the CMT/IM/DD system
suitable for Radio High-way Networks in the point of
seamless routing of radio signals, and theoretically ana-
lyzed the SNR performance on up-link considering the
ICI, the IS], the LD nonlinearity, and the receiver noise
inherent to the IM/DD system. Furthermore for de-
creasing the ICI and the ISI, we newly proposed the
double CMT system. We discussed the relationship be-
tween the signal performance and the parameters inher-
ent to the CMT/IM/DD system and further discussed it
compared to the conventional SCM system. Following
results are obtained.

1. We can successfully transform FDM multiple radio
services into TDM format signals by using CMT.
Then the CMT/IM/DD system can construct more
simple and seamless Radio Highway Networks be-
cause the distinction and the routing of each radio
service in the networks are easily realized in the
optical domain using simple photonic time switch.

2. Using the suboptimal correlation demodulator, we
can directly demodulate the received CMT signal
with high (S/ISI) and high (S/ICI), however the
performances are different according to the symbol
number and the roll-off index of pulse shaping. In
particular, the S/ICI performance of the highest
and the lowest frequency symbol in the CMT sig-
nal is most degraded, and using largest value of
roll-oftf index can most improve the S/ISI perfor-
mance.

3. The double CMT system can much improve the
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S/ICI and the S/ISI performance though the SNR
performance is degraded. The double CMT system
obtains 32[dB] improvement of the S/ICI in the
case of T./T = 5.0 and o = 1.0.

4. The SNR performance of the CMT/IM/DD system
is superior to the SCM link in spite of the value
T./T when the number of radio channels becomes
large.

5. The overall SNR performance of the CMT/IM/DD
system is superior to the SCM link when the num-
ber of channels is large and the double CMT is
used. In the case that the number of channels is
50, T./T = 5.0, and a = 0.5, we obtain 3[dB]
improvement of the overall performance.
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Appendix

In this section, we prove the orthogonality of S}, (t) =
F[8t — A fle” 23t tASnT where G(3t) is removed
from S;,(t) in Eq.(25). Generally for the two wave-
forms, v;(t) and vx(t), to be orthogonal. they must ful-
fill the orthogonality constraint of the Equation,

Te

/; V() vr(t)dt = Kbk

s

1
5zk:{0

where T, and K; are the symbol duration and constants
respectively. The orthogonality of S;,(t) among differ-
ent [ is obviously satisfied because F(f) is bandlimited.
Then, we investigate the following complex correlation
function R;;. to investigate the orthogonality among dif-
ferent n.

(7, k: integer) (A-1)

(i =k)

(otherwise) (A-2)

0: () {Spr(t)} " at

= / |F(3t] [P~ Brdu T+ 0 gy (A-3)

where, d;;, = i — k and 6;. = 6; — 8;. The real part of
R;) is given by

Re[Rix| = /23 |F[3t][? cos[2md;y, 3t]dt - cos[Bik]

+ /23 |F[3t]]? sin[2md;;. 3t]dt - sin]fi]
(A-4)

Because of the integration of the odd function F[f]
given by Eq.(26), the second term in Eq.(A-4) comes

Institute of Electronics, Infornmation, and Conmunication Engi neers

1405

to be zero. Then Re[R;;] can be calculated as
Re[Rik]

_9 / 7 cos(2nTdu f)df
4]

l1+a

+2/ v cos(2nTd;i. f)

2T

X oS> E t—l-a dt
2a 2T

% (dlk = 0)

(A-5)

N { (otherwise)

Consequently, we have proved that Sy, (¢) is an orthog-
onal signal set.
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