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A novel method for optical heterodyne detection in millimeter-wave-band radio-on-fiber
systems is described. The key to detection is to use a remote dual-mode local light.
Although the light is free-running, our method is in principle free from laser phase noise.
This method is also theoretically immune from the fiber-dispersion effect, because only two
components of the optical signal are selected out by the local light to demodulate them-
selves. This immunity persists even if the transmitted optical signal is in the doubleside-
band format. We derive the theoretical limit of the system performance and experimentally
demonstrate a 25-km-long fiber-optic transmission and the optical heterodyne detection of

a 59.6-GHz radio-on-fiber signal using 155.52-Mb/s DPSK-formatted data.
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1 Introduction

External modulation will provide the best
solution to configure simpler base stations
(BSs) in future microwave or millimeter-wave
(mm-wave) radio-on-fober systems, leading to
cost-effective system configurationf11. We
have reported on radio-on-fiber systems that
use a 60-GHz-band electroabsorption modula-
tor (EAM) for downlinking and uplink-
ingr21131. To receive optical power large
enough to get high transmission quality, using
some optical amplifiers is necessary in the
optical link. However, accumulated ampli-
fied-spontaneous-emission (ASE) noise from
the optical amplifiers cannot be removed com-
pletely, in analog optical communication sys-
tems, such as radio-on-fiber applications. The
noise fataly affects the photodetected signal,
resulting in a degradation in system perform-
ance. The theory that optical coherent detec-
tion using a remote local light source has
higher-sensitivity to a received optical signal
than direct detection under a shot-noise-limit-
ed condition is well knownga;. Thus, we

expect that if we use the coherent detection
technique, we can avoid using optical ampli-
fiers. Laser phase noise and polarization mis-
match cause this degradation if we consider
using a remote local light source for optical
heterodyne detection. Because the polariza-
tion mismatch is a common problem for opti-
cal fiber systems, we concentrate on using
optical heterodyne detection that is insensitive
to laser phase noise.

In this paper, we describe a novel method
for optical heterodyne detection in radio-on-
fiber systems at a 60-GHz band. A free-run-
ning dual-mode local light is used to detect a
60-GHz-band radio-on-fiber signal. We show
that the system, in principle, is not affected by
the phase noises not only for the transmitting
laser but also for the remote local one. This
scheme is also theoretically immune from the
fiber-dispersion effect which causes signal
fading, because only two components of the
optical signal are selected out by the local
light to demodul ate themselves. Thisimmuni-
ty persists even if the transmitted optical sig-
nal is in a double-sideband (DSB) format.
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Although some dispersion-free systemsisje]
have been proposed, they have never essen-
tially solved the ASE problem. We present a
principle together with a mathematical
description of signals in our method and
derive the theoretical limit of the system per-
formance. We experimentally verify the prin-
ciple of our method by demonstrating a 25-
km-long fiber-optic transmission and the opti-
cal heterodyne detection of a 59.6-GHz radio-
on-fiber signal using 155.52-Mby/s differential-
phase-shift-keying (DPSK).

2 Principle

2.1 Mathematical Description

Fig.1 shows the fundamental block dia-
gram of the optical heterodyne detection using
dual-mode local light source. The transmitter
consists of a single-mode light source and
optical external and electrical modulators.
Also, the optical heterodyne receiver consists
of a dual-mode local light source, optical
power combiner, photodetector (PD), phase
noise canceling (PNC) circuit, and electrical
demodulator.

The complex electric field of the optical
carrier, e4(t), which is oscillated from the sin-
gle-mode light source in the transmitter, is
written as
ei(t) = Eo-exp{jpalt)}, (1)
wa(t) 27 fat + pa(t), (2)

Single-mode &) Optical &
light source modulator

f femf(f )

Electrical
modulator

(at fir)

 Transmitter

where E;, fi, and ¢ «(t) are the amplitude, the
center frequency, and the phase noise of the
optical carrier, respectively. The radio-fre-
quency (RF) signal, e«(t), iswritten as

err(t) = Vrr-exp{jprr(t)}, (3)
©YRF (t) QWprf + g(t), (4)

where Ve , fe= , and 9 (t) represent the ampli-
tude, the carrier frequency, and the phase-
modulated data of the RF signal, respectively.
The optical carrier, e.(t), is modulated by the
RF signal, ex(t), and transmitted over the opti-
cal fiber. Taking into account the fiber-disper-
sion effect, after the propagation in the optical
fiber of the length, L, the complex electric
field of the modulated optical signa is gener-
aly written as

es(t,L) = MOD [egp(t)] - €a(t) - e P
= FEg- Z y - eIPem L) (5)
@sn(t, L) @cl(t); nere(t) — B(f) - L

(ra

27 (fa +nfrr) (t — p1L)
+nf (t — B1L) + ¢ (t — B1L)

—%ﬂg (Zﬂnfgp)z - L
+ (27 fer - B1 — Bo) - L. (6)

Here, 3 (f) is the propagation constant and is
approximated as(7]

B0) = Sy say o

f (1)
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=~ fo+G2r(f — fa)
o fon (f = f)), ®

where 3 ;L corresponds to the group delay
time and 3 . is related with the dispersion, D,
as

2
B = . D. (9)

27e

)\ and c are the wavelength in the fiber and the
velocity in the vacuum, respectively. Note
that the last term in Eq.(6) is constant and
independent of time and the last second term
represents the chromatic fiber-dispersion
effect. Then, MOD][e] represents the response
function of the optical modulator, depending
on the scheme used in the modulator, such as
intensity, phase, or frequency. Therefore, a, is
given as the Fourier coeffcient of MOD[]. If
the intensity modulation is performed and the
modulation index, me, is small, for example,
then the Fourier coeffcients are written
approximately agsi

Va5 a
o G ()

for n # 0, (11)

where(2nO D) = 103 ... (2nO 1), (2n) I =
214 ... (2n),andOll= (O Il= 1 The
details are described in Appendix Ars;. If the
input amplitude of the modulating signal is
small (Ve[ 1), then e(t) is approximated as

1R

ay

K

Ain

es(t L) Eq-a.1- Gj%’_l(t’l’)
+E.1 ag - ej‘é’s,(l(st}
B - ay - e, (12)

The free-running dual-mode local light
that has a frequency separation of f, is used to
detect the radio-on-fiber signal, e(t, L), in the
optical heterodyne receiver. Here, the dual-
mode light source is considered to have a fre-
gquency separation that is either highly stabi-
lized or jitter-free. The complex eectric field
of the dual-mode local light, e(t), iswritten as

alt) = |/ 2Pa-ex e ()

+\/§Eaz ~exp {jer (1)}, (13)
e (t) = (fcz fw) L+ Bea(t), (14)
pult) = 2 (fcz+@)t+¢cz(t), (15)

where E., f., and ¢ (t) are the amplitude, the
center frequency, and the phase noise of the
dual-mode local light, respectively. The dual-
mode local light, e(t), is combined with the
received optical signal, e(t, L), as shown in
Fig.2. The optical heterodyne detection is per-
formed using a square-law response of the PD.
Let us assume that the polarizations between
the received optical signal and the local light
are matched. Then, the photocurrent becomes

| - f
j;l-.ﬁ?F / fcl j;z
Jofiol2 Jotfiol2
Optical spectra of signal e,(t) and
local e(t)

(t) = R /2P61P62a0€j(%*0(t’L)_w’(m
+RA\/2P.1Poay eI (o1 (t.L) =14 (2))
+R /zpclpczauej(wc+(t)*vs,o(tlt))

IR /2Pc1Pc2(1713j(w_(t} ws,—1(t,L))

o (16)

In the above equation, P, and P, are the pho-
todetected power of the signal and local light,

respectively and are given ago]
et

P, = A' 212(,” dA, (17)
€c

P, = ; | zzé)l dA. (18)

Here, A and Z, represent the photodetecting
effective area and the wave impedance,
respectively. Note that R is the responsivity
of the PD. We focus on the two phase compo-
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nents:

@s,O(tw L) - tp!,(t)

— o (Af+ fLTO) ((— B.L)
+A¢.(t, L)
+ {211‘ (Af + fTLO) B — ﬁo} - L, (19)

ws,1(t, L) = o4 (t)
- o (Af+fRF - %2) (t ~ L)
LO(t— L)+ Ault, L)
"%ﬁz @7 frr)® L

for (ars e 12251

—fo} - L, (20)
where A fand A . (t, L) are defined as

Af = fa—fo, (21)

Age(t,L) = ¢u(t— L) — galt). (22)

There are two possible configurations for
the PNC, (a) using an electrical square-law
detector (PNC,) and (b) using an electrical
multiplier (PNC,)101, as shown in Fig.3. In
Fig.3 (a), BPF4 in PNC, filters out two com-
ponents of A fO f.o/2 and A O fre flo/2
simultaneously. They are squared by PNC,.
Then, only the down-converted signal at - [=
fre o], 12(t), isfiltered out by BPF.,.

@IQ (t) X %RZPchgaoalejWF(t’L) (23)
err(t, L) = {ps1(t, L) — i (t) }
—{ws0t, L) — - ()}
= QT(fIF(t—ﬁlL) +6(t—,61L)
—{Bo — 27 firf1

+%,62 (waRF)Z} L (24)

In PNC,, two components of A f[J f./2 and A
fO fee fLo/2 are filtered out each by BPF,, and
BPF,,, respectively, as shown in Fig.3 (b).
They multiply each other, and only the down-
converted signal at fi , ix(t), is filtered out by
BPF,, which is identical to BPF,. Also, in
this case, i,(t) becomes the same signal
expressed in Eq. (23), except that the ampli-
tude becomes half. The difference of PNC,
and PNGC, is the amount of the noise put into
the square-law detector or the multiplier
because of the difference in the bandwidths of

il(t)_’ BPFH 7> (.)2 P> BPFn _>lz(t)

fito f; e
(a)
PNC,
BPF,, 4
i](t) ’I“ BPFzz _>iz(t)
BPF,,
/. Jre
(b)
BPF,,
>
NN . N
\BPF, BPF,, N\ .

Fiol2-Af
f RF‘fw/ 2- Af

(c)

PNCs (a) with square-law detector
(PNC,) and (b) with multiplier (PNC).
(c) Photodetected signals and pass-
bands of BPF;;, BPF,, and BPF,,

BPF.;, BPF,, and BPF,, as shown in Fig.3 ().
This will cause an absolute amount of noise
because of a noisex noise term included in
PNC, output that is larger than PNC, output.
However, the noisex noise term is usually
negligible for practical use, in which the
signalto-noise power ratio (SNR) is relatively
high so that data can be transmitted with high
qguality. Therefore, the system performances
for the systems using PNC, and PNC, will be
almost the same.

Based on the above theoretical description,
we can describe the features. First, the
absence of laser phase-noise remains in Egs.
(23) and (24). This means that our method is
in principle free from the laser phase noise.
Second, the last term in Eq. (24) represents the
phase delay for the fiber length of L and is
constant. If the RF signal is modulated using
DPSK-encoded data, the fiber-dispersion
effect, which causes the fading of the photode-
tected RF signal, does not seriously affect the
transmission quality because only two optical
components, i.e., one single-sideband (SSB)
component and carrier, are detected. Note that

A48 Journal of the Communications Research Laboratory Vol.49 No.1 2002



this method has the same effect as in the opti-
cal SSB-formatted transmissionrz;.  Third, the
filtering is not performed in the optical
domain but in the electrical domain to select
the desired signal components. Our method
will be able to provide fine and tunable filter-
ing for the desired optical components by
making good use of both the local light and
the electrical BPF. This is because the fre-
quency stability and controllability of the
lasers have recently progressed in conjunction
with the development of dense wavelength
division multiplexing (DWDM) technologies.

2.2 Theoretical System Performance

We will now describe the SNR of the
down-converted signal, i,(t), in the system
using our detection method. As shown in the
previous section, there was no fiber-dispersion
effect in the demodulation, and therefore, we
will omit the propagation constant, 3 (f).

Let us rewrite the photodetected signal
with no data @ (t)= 0) and the local compo-
nentsin the real part

s(t) = as-cos (27r (Af + frr — fi;) t
+Ag(1)) , (25)
1) = a-cos (zn (Af+ fTO) ¢
+A4(1)) , (26)
4 = JRVIPaPa-a, (27)
o = %R\/ﬁp—& - ap. (28)

When the shot noise is dominant, the noise
spectral density,n) , isgiven as

1 1 Pcl
n = EERP& (1 + EP—&) - (29)
If the input put into the multiplier is optimally
bandwidth-limited, then the SNR becomes
(see Appendix B)

S aPy  akdd 1

N BIF'anga,%'Q( lPd)' (30)

1 —
T3P,

Here,a [=R/€] is the sensitivity of the PD.
Under the local shot-noise limited environ-

ment (P[0 P.), the SNR is given as the theo-
retical limit.

S 1 aPa  aldd
N 2 Brr G.g + CL%.

(31)

Let us consider the intensity modulation /
direct detection (IM/DD) system, as shown in
Fig.4i21. The optical signal is assumed to be
modulated using the same transmitter shown
in Fig.1 (8). Then, the two transmitting opti-
cal signals that have no data (p (t)= 0) are
expressed as

eqlt) = VGEaa - eWaltiriniaet) (32)
esg(i) = \/E?_Edao-ej“’”(t), (33)

where G is the gain of an optical amplifier
with a spontaneous emission coeffcient of
Ny71. Using the square-law detection, the
photodetected signal, i(t), appears at fw= . The
photocurrent is expressed as

i5{t) = 2RGPaaga - 2 Inrt, (34)

By downconverting with a mm-wave mixer
and mm-wave local oscillator of f.o, the
desired signal, i,(t), which is the same signal
as that given in Eq. (23), appears. If the
downconverter is assumed to be ideal, the
SNR of i,(t) for the conventional system
becomes (see Appendix C)

2.2
5 aPy  agad 1

N B[p‘(lg-i-a‘]?.Qn l—l ’ (35)
sp G

If the gain in the optical amplifier is large
enough to suppress the other noise compo-
nents (G 1), then the theoretical limit of
SNRisgiven as

23
S 1 oFg  age

(36)

N 2”.&‘;13. Brp 'aﬁ-}-a%'

Comparing Egs. (31) and (36), we can see
that the SNR for our method is improved by
the amount of n,. Note that n,, represents the
ASE noise, which is accumulated in the link
and fatally affects system performance.
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3 Experiment

3.1 Experimental Setup

To verify the principle of our method, we
conducted an experiment using the following
setup. As shown in Fig.5, the optical system
in the setup consisted of a distributed feedback
laser diode (LD,), 60-GHz-band electroab-
sorption modulator (EAM)(21, 3-dB optical
coupler, tunable laser diode (LD,), LiNO,
modulator (EOM), erbium-doped fiber ampli-
fuer (EDFA), optical isolator, PD, and two
polarization controllers (PCs). The PNC
based on the electrical square-law detector
consists of two electrical amplifiers and an
electric mixer (the bandwidth of the RF, LO,
and IF ports were 5-18 GHz, 5-18 GHz, and
DC-3 GHz, respectively).

An optical carrier (f,) was intensity modu-
lated using a 59.6-GHz signal (fz) by the

modulator pattern

£ =59.6 GHz

« Dual-mode local light source
Jio=57.0 GHz

fiel2 @—.Tﬂ— DC Bias
DFA

Jo
LD H PC H EOM

7[e HB Experimental setup

DPSK .QATA Pulse | 15552 Mbys ATA DPSK
E— PRBS=2%-1 | detector
(at for) LOCK | generator S ELDCK (at fi-)

EAM. The mm-wave signal was DPSK-
encoded at the data rate of 155.52 Mb/s
(PRBS = 2] 1). An optical local tone (f.)
and the optical signal were combined via the
3-dB coupler and optically heterodyne-detect-
ed by the PD. The tone was modulated using
a 28.5-GHz [=f.o/2] sinusoidal wave at the DC
bias of \/, which enables the suppression of
the optical carrier. The EDFA was used only
to amplify the optical local tone. The optical-
ly heterodyne-detected signal was amplified in
the PNC by the first electric amplifier with the
bandwidth of DC-26.5 GHz, was power-
divided, put in the electric mixer, and ampli-
fied again by the following amplifier (2—4
GHz). The 2.6-GHz [= f- ] IF signal obtained
after mixing was demodulated by a DPSK
demodulator to extract the data and the clock.

3.2 Experimental Results

The measured optical spectrum is shown
in Fig.6. Thethick and thin lines represent the
optical signal and the dual-mode local tone in
front of the PD, respectively. The wave-
lengths of LD, and LD, were 1550.27 nm [=
c/fa] and 1550.17 nm [= c/f,], respectively.
The optical-insertion losses of the EAM at a
bias of (] 1.5V and the EOM at a bias of 1.5
V were 11 and 25 dB, respectively. The

Ertor demodulator

fr=2.6 GHz f
LD = PNC circuit

3dB-coupler

Amplifier___MIXeT amplifier

DC- |4 > \ 2-4GHz
26.5 GHz

Electrical
square-law
detector
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power of fe applied to the EAM was 6 dBm at
the same bias, corresponding to a modulation
depth of about 44 %. In the optical local tone,
the carrier still remained but could be removed
using the present allocation of f, and f., as
shownin Fig.3.

20

RF power to EAM: 6.0 dBm * Note thaé fa<fo T

0L Lo fol2=28.5GHz
S

Received optical signal

Y
(=]
T

Intensity [dBm]
A
<o

Local light

-60

59.6 GHz

-80 1

1
1549 1550 1551 1552
Wavelength [nm]

Measured opfical spectrum

The photodetected signals before and after
mixing were also measured. In Fig.7, the pho-
todetected signals appear at around 12.4 GHz
[=A f +0/2], 15.0 GHz [=A fO fee0O0 fLO/2],
and 16.2 GHz [=[0 A f]. Note that f,[ fe.
Large phase noises caused by the individually
driven LD, and LD, were observed from the
measured linewidths because the interval fre-
quency between LD, and LD, were not con-
trolled. Asshown in Fig.7(b), however, a 2.6-
GHz IF signal was stably generated. The
observed linewidth was less than 30 Hz, and
the measured SSB phase noise was less than
[ 73 dBc/Hz at 10 kHz apart from the carrier,
despite the linewidths of LD, and LD, being 5
MHz and 100 kHz, respectively. Hence, we
successfully demonstrated the phase-noise
cancellation.

We also measured the BERS as a function
of the optical signal power put into the PD.
Fig.8 (a) shows the BERSs after the 25-km-
long SMF transmission and the BERSs for the
back-to-back, which are plotted as a function
of the optical signal power received by the
PD. Optical local power put into the PD was
[0 10.0 dBm. RF input power put into EAM

20 i 1 1 1 1 1 1 1 1 1 1 1 L L 1
I Optical signal power: -12.2 dBm
F Optical local power: -11.0 dBm

ol * Note that Af=f,, - f.<0 A
g
;M
=) L
> -20 _
=]
2 I
= 40 -

-60
10 12 14 16 18
Frequency [GHz]
(a)
01 —————— . T T
Optical signal power: -12.2 dBm
Optical local power: -11.0 dBm .

~ 720 -
g
as) Jir _
=
i -40 4
‘@
8 3
= 100 kH
= 60 P

-80
2.6 GHz
Frequency [50 kHz/div]

(b)

Photodetected signals (a) before the
mixer and (b) after the mixer

of frr was 6.3 dBm. No BER floor was
observed. The minimum optical signal power
that was received to get the BER of 10° was
[0 16.0 dBm. Compared with the back-to-
back case, the small power penalty was pre-
sumably due to the polarization matching
error. When the RF power was below 5.5
dBm, the BER floor appeared. This was due
to the ASE noise from the EDFA that boosted
the optical local tone. However the appear-
ance of the BER floor can never pose a serious
problem because it can be circumvented by
using ether a 2-mode DBR-MLLDj11; or a 2-
mode injection-locked FP-LDy12] as the dual-
mode local light source. Fig.8 (b) shows the
BERs as a function of the RF power into the
EAM éafter the 25-km-long SMF transmission
and for the back-to-back. The optical received
power put into the PD was fixed to be [0 16.0
dBm. The BER floor did not appear. The
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minimum RF input power to get the BER of
10~ after the 25-km-long SMF transmission
was aso 6.3 dBm. Compared with the back-
to-back case, no serious power penalty was
observed.

1 (a) T i T g E T T (b)
L Optical local power: -10.0 dBm E
o After 25-km-long SMF
3 O Back-to-back -
10° . 1 F onical < )
RF power: 6.3 dBm  } E  Optical signal power:
L F B -16.0 dBm ]
o EI-
L e . B h
o© F
o 10°F o© 1 F 3
oo E
L 1 L 8 N
oo
L oo 4 .. o 4
[u} F
w00k o ik % ]
: ° . ]
o ; EY
10 12 1 1 E : Il 1
-25 -20 -15 -10 0 5 10 15

Optical signal power [dBm]

BER: (a) vs. optical signal power and
(b) vs. RF power

RF power [dBm]

4 Conclusion

A novel mothod for optical heterodyne
detection in 60-GHz-band radio-on- fiber sys-
tems has been described. The key to detection
was to photodetect the radio-on-fiber signal by
using a dual-mode local light source at the

References

receiver side. The principle and mathematical
description for the detection moethod has been
theoretically described. The free-running dual-
mode local light was used to detect a radio-on-
fiber signal at a 60-GHz band . When the pho-
todetected signal and reference components
multiplied each other, the same amount of the
laser phase noise in the components were dif-
ferentially subtracted. Therefore, our method
was in principle free from the laser phase
noise. This scheme was theoretically immune
from the fiberdispersion effect, which causes
signal fading because only two components of
the optical signal are selected out by the local
light to demodulate themselves. This immuni-
ty persisted even if the transmitted optical sig-
nal was in the DSB format. The theoretical
limit of the system performance has aso been
derived. Compared with the conventional
IM/DD system using optical amplifiers, we
clarified that the proposed detection scheme is
superior to the conventional one. To confirm
the principle of the proposed scheme, the 25-
km-long fiber-optic transmission and the opti-
cal heterodyne detection of a 59.6-GHz,
155.52-Mb/s DPSK radio-on-fiber signal has
been successfully demonstrated. No serious
laser phase noise and fiber-dispersion effects
were occurred.

1 K. Kitayama, "Architectural considerations of fiber-radio millimeterwave wireless access systems,"
Fiber and Integrated Optics, Vol. 19, pp. 167-186, 2000.

2 T. Kuri, K. Kitayama, A. Stoéhr, and Y. Ogawa, "Fiber-optic milimeterwave downlink system using 60
GHz-band external modulation," J. Lightwave Technol., Vol. 17, No. 5, pp. 799-806, May 1999.

3 T. Kuri, K. Kitayama, and Y. Ogawa, "Fiber-optic millimeter-wave uplink system incorporating
remotely fed 60-GHz-band optical pilot tone," IEEE Trans. Microwave Theory and Tech., Vol. 47,

No. 7, pp. 1332-1337, July 1999.

4 T. Okoshi, K. Emura, K. Kikuchi, and R. Th. Kersten, "Computation of bit-error-rate of various het-
erodyne and coherent-type optical communications schemes," J. Opt. Commun., Vol. 2, No. 3, pp.

89-96, Sep. 1981.

5 D. Novak, Z. Ahmed, G. H. Smith, and H. F. Liu, "Techniques for millimeter-wave optical fiber trans-

mission systems (invited)," in Topical Meeting on Microwave Photonics (MWP’97) Tech. Dig., Duis-

brug, Germany, TH1-3, Sep. 1997, pp. 39-42.

6 R.-P. Braun, G. Grosskopf, D. Rohde, and F. Schmidt, "Fiber optic millimeter-wave generation and

52 Journal of the Communications Research Laboratory \ol.49 No.1 2002



10

11

12

13

14

15

bandwidth efficient data transmission for broadband mobile 18-20 and 60 GHz-band communica-
tions," in Topical Meeting on Microwave Photonics (MWP’97) Technol. Dig., Duisbrug, Germany,
FR2-5, pp. 235-238, Sep. 1997.

G. P. Agrawal, Nonlinear optics, Second Edition, Secs. 2 to 4, Academic Press, 1995.

M. Suzuki, Y. Noda, and Y. Kushiro, "Characterization of a dynamic spectral width of an
InGaAsP/InP electroabsorption light modulator," Trans. |EICE, Vol. E69, No. 4, pp. 395-398, Apr.
1986.

R. M. Gagliardi and S. Karp, Optical communications, Second Edition, Sec. 1, John Wiley & Sons,
Inc., 1995.

R. Gross, R. Olshansky, and M. Shumidt, "Coherent FM-SCM system using DFB lasers and a phase
noise cancelling circuit," IEEE Photon. Technol. Lett., Vol. 2, No. 1, pp. 66-68, Jan. 1988.

T. Ohno, S. Fukushima, Y. Doi, Y. Muramoto, and Y. Matsuoka, "Application of uni-travelling-carrier
waveguide photodiode in base stations of a millimeter-wave fiber-radio system," in Tech. Dig.
MWP’99, Melbourne, Australia, F-10.2, pp. 253-256, Nov. 1999.

M. Ogusu, K. Inagaki, and Y. Mizuguchi, "60 GHz-band millimeterwave generation and ASK data
transmission using 2-mode injectionlocking of a Fabry-Perot slave laser," in Tech. Dig.
TSMMW2000, Yokosuka, Japan, P-12, pp. 181-184, Mar. 2000.

K. Shimoda, H. Takahashi, and C. H. Townes, "Fluctuation in amplification of quanta with application
to maser amplifiers," J. Phys. Soc. Japan, Vol. 12, No. 6, pp. 686700, June 1957.

H. Ishio, K. Nakagawa, M. Nakazawa, K. Aida, and K. Hagimoto, Optical amplifier and its applications,
Sec. 2, Ohm, 1992 (in Japanese).

S. Betti, G. D. Marchis, and E. lannone, Coherent optical communications systems, Sec. 4, John
Wiley & Sons, 1995.

Toshiaki KURI and Ken-ichi KITAYAMA 53



appendix
A Intensity Modulator

If the intensity modulation is performed,
then MODJex (1)] is expressed ags)

MOD [err(2)]
= E {1+ myn - cosppp(t)}

o0

= 3 geimenr, (A1)
where m is the intensity-modulation index as
afunction of i, andy represents the intensity
modulation with the chirp effect, which is
defined as

14 70,

5 (A2)

o . isthe chirp parameter of the optical modu-
lator. We carried out the Fourier expansion of
MOD|ex ()] by using the Binominal theorem.
Asaresult, we got a,, expressed as

1 & I'(y+1)
e = 5§(s+n)ls!1“('y—28—n+1)

o e

wherel” () is the Gamma function, which has
the following relationship.

F'(z+1) = z-T'(2) (A4)
If the chirp is negligible (a = 0), then a, is
simplified to

i =} [0 S
2- (2 +n) - 3)!!]

T4 N (T +n)! (A5)

where(2n0 1) = 103 ... (2nO01), (2n) Il =
204 ... (2n),01= (1) =1 and (O2n0
D= (O "(2nO 1) 11, Here, we used the
following formulafor the natural number of n.

r(neg) = G UWE (49)

If meissmall, then the Fourier coefficients are

approximately given by

w = 5[ ()] 0

net [1(2n=3)I! ympg\»
ain =~ (1) —
\/; " for 1(1 7440.) (A8)

To verify the above calculation, we also com-
pared o + , for me = 1 with the following ana-
lytical solution.

R

o0

1+ cosgrr(t) = Z 4, - PRE() (A9)
n—1
2D agg)
T 4n? —1
As aresult, a, numerically agreed well with
the analytical solution, &.

a’in -

B SNR for Proposed Detection Tech-
nique
The photodetected signal and local compo-
nents are represented by Egs. (25) to (28). The
noise spectral density at the output of the PD,
n , isgeneraly written as

1 P,
no= g [e’f\’, (71 -i—ch)

2kT
+elp + ?} , (A11)

L

where R [= €Ja] is the responsivity of the
photodetector. The responsibity is assumed to
be the white noise, which in order, consists of
the shot noises for the signal and the local
light, the dark current of the photodetector
(Io), and the thermal noise (2ksT/R.). For the
thermal noise, ks, T, and R are the Boltzmann
constant, the temperature, and the load resist-
ance, respectively. When the shot noise is
dominant, the noise spectral density,n ,is
approximated as

1 1P,
n ZERPCZ (1 + §Pcz> . (A12)
s(t), 1(t), and n(t) are assumed to be statistical-
ly independent of each other, and their aver-
ages are al zero. For the square-law detector
in PNC,, the self-correlation becomes
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E[{s(t+7)+1Ut+7)+n(t+7))
A{s() +1(t) +n(t)}]
= R (1) 4+ 2R, 5(0) - Ry(0) 4+ Rz p2(7)
+2{R,,5(0) + Ryy(0)} - Ryun(0) + Rpz p2(7)
+4R, o(7) - Ryy(7)
+4{R,s(T) + Riy(7)} + Rpn(7) (A13)

Here, E [¢] represents the ensemble average,
and R, (t ) isthe correlation function of x (t(J
1 ) and y(t) and is defined as

Ryy(1) = Elz(t+7) y(t)]. (A14)

Re,2( ) is neglected because it is much small-
er than 4 {R.«t )0 R, )}OR..@ ). In this
case, our interest terms are the down-convert-
ed component, 4Rt )OR, ), and the noise
components, 4 {R.«¢ )0 R, )} TR ).
They become

RS’S(T) . R,:J(T)

= % (%asal) - [cos (2w frpT)
+cos (27 (2Af + frr) T
+2(Ag(t+7) — Ad(1)))],  (A1D)

{RS'S(T) + RM(T)} . Rn,n(’?')
= S(@+a) n-60) (A16)

where § (¢) represents the delta function.
From the above calculation, under the shot-
noise limited environment, the SNR for the
proposed detection becomes

1/1 2
N 4. 2 (5(13614)

S
N = 1
N 4@+ a)n 2B
o alfy aga% 1
Bip ok +a? 4 1+£Pc1 ’ (A17)
2P,

where Bz is the bandwidth of BPF.,. If the
input put into the multiplier is optimally band-
width-limited, then the noise power is halved.
Therefore, the SNR is rewritten as

S aPy  aa? 1

N B,F'agmf'z(l lPd)' (A18)

T3,

Under the local shot-noise limited environ-
ment (P.[] P.), moreover, the theoretical limit
of SNR isexpressed as

2.2
S oo L ela ae (A19)
N 2 Brr ag +a%
In the same manner, the SNR for PNC,; is
derived and acquires the same result as the

above SNR.

C SNR for IM/DD

Two transmitting optical signals are
assumed to have no data (@ (t) = 0) and
expressed using Egs. (32) and (33), respec-
tively. In this case, because the photocurrent is
given by Eq. (34), the signal power, P,
becomes

1.
P, = §|33(t)|2'RL
= Q(RGPc1a0G1)2'RL- (AZO)

Here, G isthe gain of an optical amplifier with
a noise figure of ny,, and R is the load resist-
ance. On the other hand, the noise from the
photodetector is expressed asj13j[14]15]

P, = [e'RG’Pcl (ag + af)
+elp + e2nq(G — DngmAf
+2eG(G — 1)ng, RPa (ag + af)
2kT

+6277q(G - i)zngpmgAf + R_L

2Brrlty, (A21)

In the above equation, the components are in
order the shot noise for the signal and local,
the dark current, the amplified spontaneous
emission (ASE) shot noise, the (signal[] local)
x ASE term, the ASEx ASE term, and the rel-
ative intensity noise (RIN), respectively.
When the signal and local shot noises are
dominant, P, is approximated as

P, =~ 2eG(G - 1)n,RP, (a} + a?)
-2B;rpRy. (A22)
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From the above, the SNR for the conventional
IM/DD is approximated as

=2l
T

12

m (A23)
2(1-5

If the gain of the optical amplifier is large
enough to suppress the other noise compo-
nents (GJ 1), then the theoretical limit of
SNRisgiven as

s < 1 aPy aia?
N - Znsp Brr a§+a%

(A24)
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