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Optical Heterodyne Detection of
Millimeter-Wave-Band Radio-on-Fiber Signals
With a Remote Dual-Mode Local Light Source
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Abstract—A novel technique for optical heterodyne detection of dual-mode local light source is proposed. It will be shown that
amllllmetgr-wave radio-on-fiber signal using aremote dual-mode the system performance is in principle completely free from
local light is proposed. Although a free-running dual-mode local hq |35er phase noise not only of a transmitting laser but also

light is used, the proposed technique is in principle free from laser fthe f . te | I S| IVt
phase noise. Since only two components of the optical signal are¥! (N€ Iree-running remote local laser. since only two compo-

selected by the local light to demodulate themselves, this techniqueN€nts of the optical signal are selected by the local light to de-
is also theoretically immune from the fiber-dispersion effect, even modulate themselves, this technique is also theoretically im-

if the transmitted optical signal is in the double-sideband format. mune from the fiber-dispersion effect which causes the signal
We derive the theoretical limit of the system performance and then fading, even if the transmitted optical signal is in double-side-

experimentally demonstrate a 25-km-long fiber-optic transmission . .
and the optical heterodyne detection of a 59.6-GHz radio-on-fiber Pand (DSB) format. Although some dispersion-free systems [4],

signal with 155.52-Mb/s differential-phase-shift-keying formatted  [5] have been proposed, they have never essentially solved the
data. ASE problem. We present the principle with a mathematical de-

Index Terms—Analog systems, electroabsorption, heterodyning, scription of signals in the proposed technique, and then derive
millimeter-wave communication, optical fiber communication, op- the theoretical limit of the system performance. To confirm the
tical fiber dispersion, optical noise, phase noise. principle of the proposed technique, a 25-km-long fiber-optic
transmission and the optical heterodyne detection of a 59.6-GHz
radio-on-fiber signal with 155.52-Mb/s differential-phase-shift-
keying (DPSK) data are demonstrated without any serious laser

N ORDER to support future broad-band wireless servicgshase noise and fiber-dispersion effects. To our knowledge, for
we have reported millimeter-wave radio-on-fiber systemge first time, it is not only theoretically analyzed but also ex-
using a 60-GHz-band electroabsorption modulator (EAM) [1herimentally demonstrated that a radio-on-fiber signal can be
[2]. To receive optical power great enough to get high transmigptically heterodyne-detected with a dual-mode local light.
sion quality, the use of some optical amplifiers is necessary in
the link. In analog optical systems, such as radio-on-fiber ap- Il. PRINCIPLE
plications, however, accumulated amplified spontaneous emis- i o
sion (ASE) noise from the amplifiers can no longer be furthét: Mathematical Description
removed, and the noise fatally affects the system performanceFig. 1 shows the block diagram of the proposed optical het-
From a theoretical viewpoint, coherent detection with a remo¢eodyne detection technique.
local light has higher sensitivity to a received optical signal An optical carrier from a single-mode light source is written
than to direct detection [3]. Therefore, we expect that the cas
herent detection technique can avoid the use of optical ampli-

I. INTRODUCTION

fiers. When we consider optical heterodyne detection with a re- .

e (t) xv/2P.1 -exp {ja(t 1
mote local light, laser phase noise, and polarization mismatch () ! p{J<P i )} @
cause the degradation of system performance. Since polariza- 0e1(t) =2m fart + Per(t) (2)

tion mismatch is a common problem for optical coherent detec-

tion, we concentrate on the re.duction of !aser phase noise. whereP,., f.1, andg.; (t) are the power, the center frequency,
_ Inthis paper, a novel technique of optical heterodyne deteg;q the phase noise of the optical carrier, respectively. Let an
tion of a millimeter-wave radio-on-fiber signal using a remot&F signal e (£) = Vir exp[{j2 frurt-+6(t)}], whereVir
frr, andd(t) represent the amplitude, the carrier frequency, and
Manuscript received January 3, 2001; revised May 24, 2001. An earlier véhe phase-modulated data of the RF signal, respectively. Taking

sion of this paper was presented in part at the 2000 International Topical Meetj ; _di ; ;
on Microwave Photonics (MWP2000), Oxford, U.K., 2000. 1A%o account the fiber-dispersion effect, the modulated optical
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Fig. 1. Block diagram of proposed technique.

Ps, n(t7 L) =@ecl (t) + n‘PRF(t) - /j(f) - L Local:e,(t) <fL—O>A
~27(fo + nfrr)(t — S1L) +nb(t — L) X
+¢at—pL)— /32(27mfRF)2 -L/2  fer ‘“ Fer Signal:e (t)
+ (2 fer - B — Po) - L. 4) g‘ - q [
: L > f
The propagation constant3(f) is approximated as Fatar fu Faatfer
Bo + Bi2n(f — fa) + Be{2r(f — fa)}?/2 [6]. AL fafid?2  fatfio?
corresponds to the group delay time, ahd= —\2D/2rc is
satisfied, whereD, )\, andc are the dispersion, the wavelengttrig- 2. Optical spectra of signal () and locale.(t).
in the fiber, and the velocity in the vacuum, respectively. Note
that the last term in (4) is constant and independent of time, and PNC,
the second-to-last term represents the fiber-dispersion effect. If i) — (o)2 > i)
intensity modulation is performed and the modulation index, fi ©f fir
mr, is small, the Fourier coefficients are approximated as [7] o
apgp =~ [1 — (m[]\/[/4)2] /2 (5) PNC; £
T (et o
1 (2n—3 ” n iyn (X BPFy; 17163
aan = (1)1 [ ( ”nl ) (miM) ©) = I

where(2n + 1) = 1-3---(2n 4+ 1) for n > 0. WhenVgrp
(x myp) is small, e,(t) becomesE,; - {a_; - ¢/#s 1L
+ag - eiws ot 1) +aq - eiPs 1t L)}'

The free-running dual-mode local light having a frequency
separation offro is used to detect the radio-on-fiber signal.
Here, the dual-mode light source is considered to have a fre- . 47
guency separation that is either highly stabilized or jitter-free i ks fio2-Af fRF—fL0/2—£ f
and is written as @

Intensity

]

€y (t) X\ P - {ew“(t) + e“;”(t)} /\/5 (7) Fig. 3. PNCs: (a) with square-law detector (PN@nd (b) with multiplier
(PNG,). (c) Photodetected signals and passbands of BBPF.,, and BPE.

01— (t) =27(fe2 — fro/2)t + ¢ea(t) (8)

Note thatR is the responsivity of a photodetector (PD), and we

pi+(t) =27(fe2 + fro/2)t + ¢ea(t) ©) tocus on the two phase components

whereP,,, f.2, and¢.»(¢) are the power, the center frequency, _
and the phase noise of the dual-mode local light, respectively.%’o(t’ L) == (t) =2r fi(t = B1L) + Adelt, L)
The dual-mode local light is combined with the received optical + {27 fifr — Bo}L
signal, as shown in Fig. 2. We assume that the polarizations be- tL) — =9 t— B L)+ Ad.(t. I
tween the received optical signal and the optical local reference” 1t L) = (D) =2mfs(t = BiL) ¢elt, L)

are matched. Then, the photocurrent becomes
27 fs51 — PotL
h(t) =R 2pclp(:2aoej(sﬁs,o(t: Ly—p1(t)) +{2mfafh = o}

+0(t — BLL) — Bo(27 frr )2 L /2

+Ry/ 2PC1PCQCL16J((’;S’1(L Ly=r+ (1) Wherefl = Af + fLO/21 fs = Af + fRF - fT,O/2y Af =
\/7 Jleir (B —@s,0(t, 1)) fcl - fc21 andA¢c(t7 L) = d)cl (t - ﬂlL) - d)cQ(t)
TRV 2Pe1 Pezaoe ’ There are two possible configurations of the PNC: 1) with an

+R\/ 2P,  Poga_jedP-(res (D) .0 (10)  electrical square-law detector (PN)Gnd 2) with an electrical
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Fig. 4. Experimental setup.

multiplier (PNG) [8], as shown in Fig. 3. In Fig. 3(a), BRFin tunable filtering of the desired optical components by using ma-
PNC; filters out two components g} and f., simultaneously. tured electrical filters.

They are squared by the square-law detector, and then the down-

converted signal afir [= frr — fLo] IS filtered out by BPE,  B. Theoretical System Performance

' We will now derive the SNR of the down-converted signal,
i2(t) x R? Py Pozagar /9 4 1) /2 (13) 4y(t), in the proposed system. As shown in the previous section,
. _ _ _ there was no fiber-dispersion effect in the proposed demodula-
prr(t, L) = (a1t L) = o (D)} = {@a,0(t, L) — (D)} tion, and therefore we will omis( f) below.
=2nfip(t = f1L) +6(t — p1L) Let us rewrite the photodetected signal with no déta)(=
—{Bo — 27 firB1 + B2 (27 frr)?/2} L. (14) 0) and the local components in the real part as follows:

In PNG,, two components af; and f, are filtered out each by s(t) =R/ Pey Pez /20y cos (27 fot + Ap(t))  (15)
BPF; and BPks, respectively, as shown in Fig. 3(b). They are _

multiplied by each other, and then the down-converted signal at U(t) =R/ PerFea[2a0 cos (2n fit + Ap(D)).  (16)
fir, 12(2), is filtered out by BPE3, which is identical to BPE. o . .
Also, in this caseis (t) becomes the same signal as expressedli)r?der the shot-noise limited condition, the noise spectral den-

(13), except for half of the amplitude. The difference of HNC§'ty i,s 9“’9,” bW,: R FPey(1 "’_'301/2P02)/4' If the input to the.
multiplier is optimally band-limited, then the following SNR is

and PNG is the amount of the noise put into the square-lawy . """
detector or the multiplier, because of the difference of ban\g—e”\/ed'

widths of BPR{, BPR1, and BPks, as shown in Fig. 3(c). This S aPy  ald? 1

will cause an absolute amount of noise due twé&e x noise ~ = i .
term included in PNCoutput which is larger than that in PNC N Bieagtai 21+ Fa/2Ps)
output. However, thaoisex noiseterm is usually negligible in Here,a[=R /<] is the sensitivity of the PD. Under the local shot-
a practical case, in which the signal-to-noise ratio (SNR) is relﬁbise limited environmentit., > P.,), the theoretical limit of
tively high in order to transmit data with high quality. ThereforesNR is given by

the system performances for the systems with PG PNG

(17)

will be almost the same. S 1 aPy a2d?
From the above, we can now discuss the features. First, no ~ =5 B 3 3- (18)
N 2 BIF ag + ay

laser phase-noise term remains in (13) and (14). This means

that this d_etection technique is, in pr_inciple, free from the laser | ot us consider a conventional intensity modulation/direct
phase noise. Second, the last term in (14) represents the phasgction (IM/DD) system using optical SSB format [2]. As-
delay for the fiber length of. and is constant. If the RF 5'9”alsuming that the optical signal is modulated by the same trans-

is DPSK-encoded, the fiber-dispersion effect does not seriouglifiter shown in Fig. 1(a), the two interesting optical components
affect the transmission quality because only two optical CoRyjith no data are expressed as

ponents, i.e., one single-sideband (SSB) component and carrier,

are detected. Third, the filtering is not performed in the optical eo1(t) = VGE, ap - /a OF25furt) (19)
domain but in the electrical domain to select the desired signal ° ¢ '
components. Since the frequency stability and controllability eso(t) =VGE. a0 - oW (20)

of lasers have recently progressed in conjunction with the de-
velopment of dense wavelength-division-multiplexing (WDMyvhered is the gain of an optical amplifier with the spontaneous
technologies, this technique will be able to provide the fine amanission coefficient of..;, [6]. If the gain of the optical am-
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Fig. 5. Measured optical spectra.

plifier is large enough to suppress the other noise components

(G > 1), then the theoretical limit of the SNR is given by 100 kHz/div

fe—

Intensity [dBm]
A
=)

S5 _ 1 aby ata? 21)
N  2ny B dd+add

2.600
Frequency [GHz]

(b)
lIl. EXPERIMENT Fig. 6. Measured spectra (a) before and (b) after mixer.

From (18) and (21), we can see that the SNR for the proposed
detection is improved by a factor af,,.

A. Experimental Setup

Fig. 4 shows the experimental setup for the proof-of-con- I g @ T L )
cept. The optical system consists of a distributed feedback laser F . 2?’{‘;?3;&?‘_&%“;&;0'0 dBm 1
diode (LDy), a 60-GHz-band EAM [2], an optical 3-dB cou- . o Back-to-back g 3
pler, a tuna_ble laser diode (Lp two pola_rlzatlon conFroIIers 10° ERE power 63 dBm 1 FOptical signal power:1
(PCs), an LIN@Q modulator (EOM), an erbium-doped fiber am- b it -16.0 dBm 4
plifier (EDFA), an optical isolator, and a PD. The PNC based _ n0° ; .— 8 E
on the square-law scheme consists of two electric amplifiers o 10‘62 nn°o it 3
and an electric mixer (the bandwidth of the RF, LO, and IF @ no 3 a
ports are 5-18, 5-18, and dc—3 GHz, respectively). An optical ] Bo L 1

e - - o ~

carrier is intensity modulated with a 59.6-GHz signal by the

S
%

EAM. The RF signal is DPSK-encoded at 155.52 Mb/s (PRBS E " ; ® 1
= 223 _1). An optical local tone, which is modulated with a E ° 1 F R 1
28.5-GHz[=f10/2] sinusoidal wave at the dc bias to enable L " 1k N ]
the suppression of the carrier, and the optical signal are com-  10"% s - i . .

bined, and then optically heterodyne-detected. The EDFA was 25 20 15 00 5 10 15
used only to amplify the optical local tone. In the PNC, the pho- Optical signal power [dBm] RF power [dBm]

todetected signal is amplified by the first electrical amplifier o
(dc—26.5 GHz), power-divided, multiplied, and then amplifie§9- 7- BERS versus: (a) optical signal power and (b) RF power.
again by the next amplifier (2—4 GHz). Finally, the 2.6-GHz IF

signal after the mixer is DPSK-demodulated. As shown in Fig. 6(a), the photodetected signals appear
) at around 12.4 GHZ=f;], 15.0 GHz[=/,], and 16.2 GHz
B. Experimental Results [= — Af]. Note that f,; < f.o. From the linewidths, large

In Fig. 5, the thick and thin lines represent the measurg@thase noises caused by the individually driven, Land LD,
optical spectra for the optical signal and the dual-mode locakre observed. In Fig. 6(b), however, a 2.6-GHz IF signal
tone, respectively. The wavelengths of L[and LD, were was stably generated. The observed linewidth was less than
1550.27 nm[=c¢/ f.1] and 1550.17 nni=c/ f.2], respectively. 30 Hz and the measured SSB phase noise was lessfan
The optical-insertion losses of the EAM at the bias-df.5V dBc/Hz at 10 kHz apart from the carrier, despite the fact that
and the EOM at the bias of 1.5 V were 11 and 25 dB, respdte linewidths of LQ and LD, were 5 MHz and 100 kHz,
tively. In the optical local tone, the carrier still remains, but itespectively. Hence, the phase-noise cancellation was success-
can be removed with the present allocatioryafand /... fully demonstrated.
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We also measured the BERs as a function of the optical[4] D. Novak, Z. Ahmed, G. H. Smith, and H. F. Liu, “Techniques for

Slgnal power to the PD or the RF power to the EAM. both for millimeter-wave OpthaI fiber transmission systems (|nV|ted),” in
- ’ Mi Photon. Topical Meeting Tech. Difuisbrug, G :
the 25-km-long SMF transmission and for the back-to-back, as S;‘;{f VXS\{; T,j’l‘_’; p; pé%a_élzee ing Tech. Diuisbrug, Germany

shown in Fig. 7. Optical local power to the PD wa$0.0 dBm. [5] R.-P.Braun, G. Grosskopf, D. Rohde, and F. Schmidt, “Fiber optic mil-
From Fig. 7(a) the minimum optical signal power to achieve limeter-wave generation and bandwidth efficient data transmission for

. broadband mobile 18-20 and 60 GHz-band communicationsMiin
9
a BER of 107 was —16.0 dBm, where the RF Input power crowave Photon. Topical Meeting Tech. DiQuisbrug, Germany, Sep.

to the EAM was 6.3 dBm. No BER floor was observed. 1997, FR2-5, pp. 235-238.
Compared with the back-to-back case, the small power penalty8l G P- AgrawalNonlinear Optics2nd ed. New York: Academic, 1995,

was presumably due to the polarization matching error. Fromy wow: 224
p y p g : [7] M. Suzuki, Y. Noda, and Y. Kushiro, “Characterization of a dynamic

Fig. 7(b), the minimum RF input power to ahieve a BER of spectral width of an InGaAsP/InP electroabsorption light modulator,”
10~? after the SMF transmission was also 6.3 dBm, where the__ Trans. I[EICE vol. E69, no. 4, pp. 395-398, Apr. 1986.

. . . [8] R. Gross, R. Olshansky, and M. Shumidt, “Coherent FM-SCM system
optical signal power to the PD wasl6.0 dBm. Again, no BER using DFB lasers and a phase noise cancelling circlEEE Photon.

floor was observed. Compared with the back-to-back case, no  Technol. Lett.vol. 2, pp. 66-68, Jan. 1988.
serious power penalty was observed. [9] T. Ohno, S. Fukushima, Y. Doi, Y. Muramoto, and Y. Matsuoka, “Ap-

. . plication of uni-travelling-carrier waveguide photodiode in base stations
F'”a”}’a atwo-mode dlstrlbuted-Bragg-reflector.mode-locked of a millimeter-wave fiber-radio system,” iklicrowave Photon. Tech.
laser diode (DBR-MLLD) [9] will be a candidate for a Dig., Melbourne, Australia, Nov. 1999, F-10.2, pp. 253-256. 3
dual-mode local light source because of the simpler configurdlo] K. Shimoda, H. Takahashi, and C. H. Townes, “Fluctuation in amplifica-

tion of quanta with application to maser amplifier3,Phys. Soc. Japan

tion and the higher output power. vol. 12, no. 6, pp. 686700, June 1957.
[11] H. Ishio, K. Nakagawa, M. Nakazawa, K. Aida, and K. Hagim@p;
IV. CONCLUSION tical Amplifier and Its Application$in Japanese), 1992, Sec. 2, Ohm.

[12] S. Betti, G. D. Marchis, and E. lannor@pherent Optical Communica-
A novel optical heterodyne detection technique of a  tions Systems New York: Wiley, 1995, sect. 4.
millimeter-wave-band radio-on-fiber signal using a remote
dual-mode local light source has been proposed. Although
the free-running dual-mode local light is used, the proposed
detection technique is in principle free from the laser phase
noise. Moreover, this technique is theoretically immune from
the fiber-dispersion effect, even if the transmitted optical signal

is in DSB format. The principle along with the mathematice' Toshiaki Kuri (S'93-M'96) received the B.E.,
description has been described, and the theoretical limit g.E.k, agd Ph.p.lcé%gzref;g;romdolzzléa Un|vert§|ty|,
. . Saka, Japan, In , , an , respectvely.
th_e s_ystem performance h_as also _been der_lve_d. To confirm In 1996, he joined Communications Research Lab-
principle, the 25-km-long fiber-optic transmission and the o oratory, Ministry of Posts and Telecommunications,
tical heterodyne detection of a 59.6-GHz radio-on-fiber sign Tokyor,] Japanty_ WTere he IS_matl_lnly en%aged in the re-
- _ searcn on optical communication systems.
W!th 155'52_ Mb/s DPSK data V_Vas SUCC.eSSfU|.|y demonStrat Dr. Kuriis a member of the Institute of Electronics,
without serious laser phase noise and fiber-dispersion effec Information and Communication Engineers (IEICE),
To our knowledge, it has been not only theoretically analyze Japan. He was the recipient of the 1998 Young Engi-

but also experimentally demonstrated for the first time that a neer Award from the EICE.

radio-on-fiber signal can be optically heterodyne-detected with
a dual-mode local light. We expect that use of this technique
will lead to the realization of radio-on-fiber systems without
additive optical noise.
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