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A Single Light-Source Configuration for Full-Duplex
60-GHz-Band Radio-on-Fiber System

Toshiaki Kuri, Member, IEEE, Ken-ichi Kitayama, Senior Member, |EEE, and Yoshiro Takahashi

Abstract—A simple full-duplex radio-on-fiber system using a
singlelight sourceisdescribed. A base station (BS) issimplified by
giving it no local light or RF sources. The optical carrier for the
uplink is sent along with the downlink optical signal to a remote
BS. It islooped back to the central station after being modulated
with an uplink RF signal. Fiber-optic full-duplex transmission
of 60-GHz-band 155.52-Mb/s downlink and uplink signals over
25-km-long standard single-mode fiber sis experimentally demon-
strated and bit error rates of 10=° for both links were achieved
without any seriousfiber dispersion dueto the optical single-side-
band format. The configuration of the proposed system issimpler
because one light sourceis shared by the downlink and uplinks.

Index Terms—Chromatic fiber dispersion, electroabsorption
modulator (EAM), full-duplex transmission, optical single
sideband (SSB), radio-on-fiber system.

I. INTRODUCTION

ILLIMETER-WAVE is a promising frequency resource

for future broad-band radio communication systems[1],

[2]. Radio-on-fiber systems are attracting a great deal of atten-
tion becauseit istransparent and flexible for RF signals[3], [4].
The key to making millimeter-wave radio-on-fiber systems
practical for commercial deployment is developing a low-cost
base station (BS). The external modulation technique is one of
the best solutions in order to provide a simple system configu-
ration [5]. We have demonstrated fiber-optic millimeter-wave
downlink and uplink systems using a 60-GHz-band electroab-
sorption modulator (EAM) [6], [7]. The system configurations
are illustrated in Fig. 1. In the uplink system [see Fig. 1(b)],
60-GHz-band photonic downconversion was performed by a
remotely fed optical pilot tone[7]. Transmitting only two optical
frequency components, which are one replica of the received
millimeter-wave uplink signa (f.— f..) and the neighbor pilot
tone (f. — f1), is enough to extract the uplink data through
the IF signa (f. — fi), where f., f., and f; are the centra
frequencies of optical carrier, millimeter-wave uplink signal,
and millimeter-wave local tone, respectively. As a result, the
received millimeter-wave signal (f,) was converted to a mi-
crowavelFsignal (f..— f;) not only without any millimeter-wave
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Fig. 1. Block diagrams of reported: (a) downlink and (b) uplink system.

mixer, but also without any serious fiber-dispersion effect. The
simple combination of the proposed downlink and uplink sys-
tems with the function of photonic downconversion will be a
candidate of full-duplex systems; however, it uses two light
sources and two optical modulators (EAM¢; and EAM¢-)
in the central stations (CSs) in addition to the third EAM
(EAMpg) at the BS. We consider this on the reduction of
optical components and the sharing of optical resources. In
[4], one of the full-duplex systems without a light source in
the BS have been reported, which had the feature of the reuse
of an optical carrier by making good use of some fiber Bragg
gratings (FBGs). However, it has been difficult to perform
the photonic downconversion because only the optical carrier
was reused. In [8], another full-duplex system using a single
light source and loop back configuration has been proposed,
which transmitted an IF signal with an EAM transceiver.

In this paper, we further simplify the configuration of the
full-duplex 60-GHz-band millimeter-wave radio-on-fiber
system based on the external modulation technique [9]. The
proposed system has the following advantages.

 Firg, it usesasinglelight source and asingle optical mod-
ulator in the CSin spite of the full-duplex operation.

» Second, the BS is simplified by giving it no local light
or RF sources. It is distinct from [8] in that no remote
upconversion is performed for the downlink.

 Third, the optical downlink carrier isreused for the uplink.
The signal is photodetected to generate the desired down-
link RF signal, and a fraction of the signal islooped back
to be used as the uplink optical carrier. It is distinct from
[4] in that the photonic downconversion is performed for
the uplink.

0018-9480/03%$17.00 © 2003 |IEEE
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Fig. 2. Proposed system configuration.

« Finally, to overcomethefading of the photodetected signal
due to the fiber dispersion effect [10], the optical single-
sideband (SSB) format is used by suppressing the one
sideband with optical filters for both links [6].

The principle of the proposed system is theoretically described.
The simultaneous fiber-optic transmission of both 155.52-Mb/s
differential phase-shift keying (DPSK) downlink and uplink sig-
nalson 60-GHz-band millimeter-wave carriersover 25-km-long
standard single-mode fibers (SMFs) for each optical link is ex-
perimentally demonstrated. The proposed technique leads to
a simple system configuration by sharing the light source for
the downlink and uplinks. The theory and modification of the
system configuration are the significant additions to [9].

Il. SYSTEM DESCRIPTIONS

The proposed system configuration is shown in Fig. 2. The
system basically consists of alight source, two optical external
modulators (EAM¢ and EAMp), two photodetectors (PD¢
and PDg), an optical SSB filter, an optica power divider
(3-dB coupler), an optical narrow bandpass filter (BPF), two
DPSK modulators (mods.), and two electrical BPFs, which
are included in each DPSK demodulators (demods.). The
electrical BPFswere used to eliminate the unwanted frequency
components. Here, they will be required even in actual systems
because of the radio regulation. No local light or RF sourcesfor
transmission islocated at the BS. The CS and BS are connected
by downlink and uplink standard SMFs. The detailed principle
is described in the Appendix.

A. Downlink

First, an optical carrier with the wavelength A. (frequency
fe = ¢/, where ¢ isthe optical velocity in vacuum) from the
light source is simultaneously modulated with an RF downlink
signal with frequency f, and an RF local tone with frequency f;
by EAM¢ in the CS. To overcome the fiber dispersion effect,
upper sidebands (USBS) (f. + f: and f. + f4) are eliminated
by the optical SSB filter [6]. Hence, the carrier (f.) and lower
sidebands (LSBs) (f. — fi and f. — f4) are transmitted to the
remote BS, asshown in Fig. 3(a). Thetransmitted optical signal
is expressed as follows:

Caom(t) 5 a1 o - 2Tt =02 +5. (D)

+ag, _q - e ftree (D} g0 o pi2mfettee(t) (1)

ffo fte
(b)
Fig. 3. Optical spectraof: (a) downlink and (b) uplink signal.

ff

a—_1,0, ao,—1, and ag o represent the relative amplitudes of
downlink, local tone, and carrier components, respectively,
which are decided by optical modulation format [7]. 64(¢)
and ¢.(t) are the downlink data and the laser phase noise,
respectively. Part of the transmitted optical signal (called an
optical downlink signal) is tapped by the optical power divider
and photodetected to regenerate the RF downlink signal (f,)
a PDg in the BS. Undesired RF loca tone (f;) must be far
enough away from the desired RF signa (f;) to be easily
eliminated by the electrica BPF in the BS. As shown in
Section |11, it was achieved if they had 3-GHz spacing. The
desired RF signal after transmitting over the L -long downlink
SMF is expressed by (see the Appendix)

tdown(t, La) X ag 0a_1,0 - eI alt: La) 2
e, a(t, La) =2n fa(t — Bar La) + 6a(t — BarLa)
1
—§mx%ﬁfm (3)

where 341 Ly corresponds to the group-delay time, and 340 is
related with the dispersion of downlink fiber D, as[13]

)\2
Baz = ~52 - Dg. 4
e
A is the wavelength in the fiber. Note that, in (3), the last term
is a constant phase, and there is no laser phase noise term. If
the payload data of the RF downlink signal 64(t) is differen-
tially encoded and then the propagating RF downlink signal
taown(t, Lg) IS demodulated by the differential detection, the
datafor the downlink can be extracted without any fiber disper-
sion effect, aswell as no laser phase noise. Our technique could
be also used with multilevel phase-shift keying (PSK) modula-
tion schemes with differential-encoding data.
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B. Uplink

A fraction of the optical signa transmitted from the CS is
again modulated with an RF uplink signdl (f,,) at the BS. By this
modulation, a number of frequency components in the optical
frequency domain are generated, including somereplicasof data
on the RF uplink signal. After optical bandpass filtering at the
BS, only the optical uplink signal is transmitted to the CS, as
shown in Fig. 3(b). The optical uplink signal is expressed as

j—1,0(t, L jtbo, —1(t, L
cup(t; La) o a_y,0-bo-c’¥ 10 B pag by edvo -1t La)

+ago-b_q- eIt 0(t; La)—27 fut—6.(8)} (5)

where 6,(t) is the payload data of the uplink signal and
p, ¢(t, Lq) isdefined as

wp:q(tv Ld) = 27r(fc +pfa+ (Ifl)(t - [3d1Ld)
+ ¢e(t — BarLa) + pba(t — BarLa)

- %/3@ {2n(pfa+ Qfl)}2 - La
— (Bao — Par - 27 fe) - La. (6)

The optical uplink signal looped back is photodetected to
generate the desired IF signal (f, — f;) by photonic down-
conversion [7]. The photonic-downconverted IF signal after
transmitting over the L,-long uplink SMF is expressed as
follows (see the Appendix):

bup(t, Lay L) < ag,oao, _1bob_y - ¢4t « (s Lt L) (7)
<Pl,u(t7 Ld7 Lu) :2W(fu - fl)(t - /3(11-[/(1 - ﬁulLu)
1
+ eu(t - ﬂulLu) - 5[3d2(27rfl)2Ld

— S Bu@m ) L+ (2 1) L
+ Ba1 (27 fu)La. ®

Here, 3,1 L. corresponds to the group-delay time and 3,2 is
related with the dispersion of downlink fiber D,, as[13]
)\2

Pur=—5—-Du. 9)
e

Note that, in (8), the last four terms are constant phases, and
thereis no laser phase noise term. If the payload data of the RF
uplink signal 8,,(¢) is deferentially encoded and then the down-
converted IF downlink signal 4,,;,(¢, Ly, L,,) isdemodulated by
the differential detection, the datafor the uplink can be also ex-
tracted without any fiber dispersion effect, as well as no laser
phase noise.

I1l. EXPERIMENT

A. Experimental Setup

Experiments were performed by using the setup shown in
Fig. 2. The optical system in the CS consisted of a distributed-
feedback laser diode (DFB LD) asthelight source, EAM asan
Erbium-doped fiber amplifier (EDFA;), an optical SSB filter,
and PD¢. Those in the BS consisted of two EDFAs (EDFA,
and EDFA3), a3-dB directional optical coupler, PDg, EAMpg,
and an optical narrow BPF. The CS and BS were linked by
two 25-km-long uplink and downlink SMFs. Optical attenua-

tors (ATTs) in front of the SMFs were used in order to con-
trol the transmitting optical powers. The EAM~ and EAMpg
modules were packaged with input and output fibers [6], [7].
The EAM¢ and EAM g moduleswere packaged with input and
output fibers and were designed to have the 15-dB return loss
of approximately 3 GHz centered at 60 GHz [6], [7]. The po-
larization dependencies of EAM ¢« and EAM g were designed
to be less than 0.5 dB. Therefore, no polarization control was
performed. Wide-band PDs with the 3-dB bandwidth of 10 and
50 GHz wereused asthe PD¢ and PD 5. The optical SSB filter
consisted of a Fabry—Perot etalon filter and an optical BPF with
3-dB bandwidth of 0.5 nm [6]. This could be replaced with an
FBG as a notch filter [12].

Inthe CS, an optical carrier (A. = 1553.9 nm) was intensity
modulated by EAM, with a subcarrier multiplexed signal
composed of a 59.064-GHz (=f,) DPSK signal with a data
rate of 155.52 Mb/s and a 57.000-GHz (=f;) sinusoidal wave
from a synthesized continuous wave (CW) generator (Anritsu
69097B). Downlink data of 155.52 Mb/s was generated by a
pulse-pattern generator (PPG) (Anritsu MP163220A) with a
pseudorandom bit sequence (PRBS) of 222 — 1. The bias of
EAM- was —1.6 V, optimized to achieve the lowest bit error
rate (BER). The total optical insertion loss of the module was
approximately 13 dB at this bias. The modulated optical signal
was amplified by EDFA;,, filtered by the optical SSB filter,
which alowed only both the carrier and first-order L SB to pass,
and then transmitted to the remote BS over the 25-km-long
downlink SMF. The optical SSB filtering prevents signal fading
due to fiber dispersion after photodetection. The downlink data
ison the optical component at f. — f4 in Fig. 3(a).

After being in the BS, half of the optical downlink signal
was photodetected to regenerate the 59.064-GHz downlink
signal, and then the data and clock were extracted by a DPSK
demodulator (demod.) at f4. In the DPSK demodulator, the
Butterworth filter with a 3-dB bandwidth of 234 MHz was
included to eliminate the undesired local tone photodetected
from the optical component at f. — f;. The BER was measured
from the extracted downlink data with an error detector (ED)
(Anritsu MP163240A).

The fraction of the optical downlink signal was amplified by
EDFA, and again intensity modulated with the 60.000-GHz
uplink signal with a data rate of 155.52 Mb/s by EAMpg.
The modulated signal was again amplified by EDFA3 to
compensate for the insertion losses of EAM g, the following
narrow BPF, and the 25-km-long uplink SMF. The uplink data
with a rate of 155.52 Mb/s was generated by another PPG
(Anritsu MP1650A) with a PRBS of 222 — 1. The optimized
bias of EAMpg was —1.8 V. The total optical insertion loss
of the module was approximately 11 dB at a bias of —1.8 V.
To construct the narrow BPF, we used two arrayed waveguide
gratings (AWGS), each with a frequency interval of 0.48 nm
(60 GHz at 1.55 1:m), afull-width at half maximum (FWHM)
of 0.19 nm, an insertion loss of less than 4.3 dB, crosstalk of
less then —30 dB, and a reflection loss of less then —50 dB
[11]. Here, FBGs may also be a candidate of narrow BPFs to
reduce the insertion loss instead of AWGs [4], [14].

The uplink optical signal that was looped back to the CSwas
photodetected by PD. to generatethe desired IF signal at f,, —



434 |IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 51, NO. 2, FEBRUARY 2003

20 e
After 25-km-long SMF transmissio
and 3-dB coupler before PDy,
0 F iﬁei’m‘c fransmission J
&
3 -20
>
=
Z
5 -40
S
—

-60

80 Ll s b bevna bevae bvnaalusey

1552 1553 1554 1555 1556
Wavelength [nm]
@

20 T
After 25-km-long SMF transmissio
before PD.

O L 4
5 20
S, | Aok &,
‘? >40dB
£ 40
g 0f 4
=
o
-60 4
-80 Foa T o 'y it
1552 155 1554 1555

Wavelength [nm]

(b
Fig. 4. Measured optical spectra. (&) Downlink signal. (b) Uplink signal.

/1 (= 3.000 GHz). The DPSK demodulator at f,, — f; intheCS
also had aButterworth filter with a3-dB bandwidth of 234 MHz
and eliminated theundesired signals (f;— f; and f,, — f4) before
extracting the data and clock. The BER of the extracted uplink
data was measured with another ED (Anritsu MP1651A).

B. Experimental Results and Discussion

Spectra of optical downlink and uplink signals were mea-
sured. They are shown in Fig. 4. The USB in the optica
downlink signal was suppressed by over 40 dB by the optical
SSB filter [see Fig. 4(a)] [6]. After the 25-km-long downlink
SMF transmission and passing through the 3-dB coupler, the
optical loss was 8 dB due to the 5-dB transmission loss of
the 25-km-long uplink SMF (0.2 dB/km) and due to the 3-dB
coupler, as theoretically predicted. The optical loss of 5 dB
for the uplink was also due to the 25-km-long uplink SMF, as
shown in Fig. 4(b).

The measured spectra of the photodetected RF downlink and
IF uplink signals are shown in Fig. 5. Both signals were mod-
ulated without any data. The photodetected signals were gener-
ated without any serious interchannel interference. No serious
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Fig. 5. Spectraof photodetected signals after 25-km-long SMF transmission:
(@ a PDg intheBSand (b) at PD inthe CS.

intermodul ation distortion was observed either due to the small
modulation depths. Since the frequency difference between the
desired and undesired signals was 936 MHz (~155.52 x 6), the
undesired spectra at f; in Fig. 5(@) and at f; — f; and f.. — fu
in Fig. 5(b) can be easily eliminated by the following electrical
BPF in each DPSK demodulator.

The data for the downlink and uplinks were simultaneously
transmitted. Fig. 6 shows the BER after the 25-km-long down-
link and uplink SMF transmissions and the back-to-back. The
RF powers put into the EAMs of f;, f4, and f,, were, again,
3.2, —1.2, and 0.3 dBm, respectively. The optical powers put
intoEAM¢c andEAM g were2.2 and 3.0 dBm, respectively. No
BER floor or power penalty was observed for either link. After
the 25-km-long SMF transmission, the minimum received op-
tical power to simultaneously achieve a BER of 10~ was —13
and —24 dBm for the downlink and uplinks, respectively. Since
optical SSB signal transmission is performed for both links, this
system is essentially free from the fiber-dispersion effect within
25-km-long SMF transmission.

The BERs as a function of the RF powers put into EAM
and EAMp for the downlink and uplinks are also plotted in
Fig. 7. The optical power received by PD g and PD~ was —10
and —20 dBm, respectively. Again, no BER floor was observed
within the measured range of RF power. The minimum RF input
power to simultaneously achieve a BER of 10~° was —6 and
—3dBm for the downlink and uplinks, respectively.
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The optical sengitivity, which is defined as the minimum op-
tical received power needed to achieveaBER of 10?2, was mea-
sured as a function of the RF power put into the EAM module
for thedownlink and uplinks. Theresultsare plottedin Fig. 8(a).
The sensitivity for the downlink was proportional to the RF
power put into EAM¢ within the measured range. The sensi-
tivity for the uplink was proportional to the input RF power put
into EAM a more than —2 dBm, but became levels off below
—3dBm. Thedifference of sensitivity for both linkswas al so ob-
served inthe unsaturated region. It is considered that the penalty
was mainly caused by amplified spontaneous emission (ASE)
noise from EDFA, and EDFA3, where the total noise figure of
the EDFAsis estimated to be approximately 9 dB at 0-dBm RF
input.

The modulation depth and signal -to-noise power ratio (SNR)
of the LSB component of the optical uplink signal were also
measured. The results are plotted as a function of the uplink RF
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power into EAM g in Fig. 8(b). The SNR is defined as shown
in the inset of Fig. 8(b). The resolution of an optical spectrum
analyzer was 0.01 nm. The modulation depth increased as the
uplink RF input power increased. Sincethe ASE noiselevel was
amost constant within the measured range, the SNR decreased
as the modulation depth decreased. We can see that, in order to
achieve the BER of 107, the SNR of over 3.5 dB in 0.01-nm
resolution is necessary.

In the experiment, the optical power margins for both links
were 7-11 dB due to the optical ATTs, even for 25-km-long
fiber-optic transmission. Therefore, some or all of the EDFAS
used could be removed if the received optical power was large
enough to achieve a BER of 10~2. If, for example, one of the
EDFAsthat was used for power compensation in the experiment
can be removed, the SNR of the LSB will be improved by 3 dB
at least because an ideal noise figure of EDFA is 3 dB. Asa
result, the minimum RF power to be applied to the EAM for the
uplink could be reduced to —6 dBm.

IV. CONCLUSION

A full-duplex 60-GHz-band millimeter-wave radio-on-fiber
system using a single light source has been described. This
system has had fewer optical componentsthan conventional sys-
tems because its configuration is smpler due to the BS having
no local light or RF sources. The additional optical amplifiers
to compensate for the insertion losses will be shared effectively
in future wavelength division multiplexing (WDM) systems.
Since the optical downlink and uplink signals are in an optical
SSB format, there has been no serious dispersion problem.
BERs of less than 10~ have been simultaneously achieved for
fiber-optic transmission of 60-GHz-band, 155.52-Mb/s DPSK
downlink, and uplink signals over 25-km-long SMFs.

Optica sensitivity can become saturated in the uplink, but
optimizing the EDFA drive condition should aleviate this
problem.



436 |IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 51, NO. 2, FEBRUARY 2003

Z
Z
%ﬁT

L 1 » e
o i F : A
f f qunlipk
i P o 1
|Light source | ; | EAM, I i { SSB filter v s s s .
| Divider A /.
CS S BS
i 0-BPF, frf EAM, e
oo o |
optical fiber

(d) Modulated signal: e.(¢)

AN AR E A AN 2 A
o, S,

Fig. 9. Fundamental system configuration and frequency allocations.

APPENDIX
GENERAL MATHEMATICAL DESCRIPTIONS FOR DOWNLINK AND
UPLINK SIGNALS

Fig. 9 shows the fundamental configuration and frequency
allocations of the proposed system. In the radi o-on-fiber system,
only the fundamental and first-order sidebands are of interest,
as shown in Fig. 9. For simplicity, optical power lossor gainin
each optical component are omitted below.

An optical carrier with the constant power of P., carrier fre-
quency of f., and phase noise of ¢.(¢) from asingle-mode light
source is generated from a single-mode light source. The com-
plex electric field of optical carrier e.(t) isusually expressed by

ec(t) ox /2P exp {jp.(t)} (A1)
Qac(t) = 27cht + (z)c(t)' (AZ)

An optical modulator (MOD¢) modulates the optical carrier
e.(t) with a combined signa of an RF downlink signal m4(%)
and an RF local tone m;(t)

mq(t) = Va - exp {ipa(t)} (A3)
my(t) = Vi - exp {Goou(t) } (A4)
wa(t) =2m fat + 04(t) (A5)
ei(t) =2x fit. (A6)

Vu, fa, and 8,(t) are the amplitude, carrier frequency, and pay-
load data of the RF downlink signal, respectively. V; and f; are
theamplitude and carrier frequency of the RF local tone, respec-
tively. For the subcarrier modulation, the complex electric field
of the modulated optical signal e;(¢) is, in general, written as

er() = Me [ma(t) +mu(#)] - o(t)

oo oo

=\/2P. Z Z apq_Cj(%(t)-i-rw(t)-I-qw(t))
pP=—00 g=—00
(A7)

M [e] generaly represents the response function of MOD¢
and depends on the modul ation scheme such asintensity modu-
lation, phase modulation, and frequency modulation [7]. a,, 4 IS

given as the two-dimensional Fourier coefficient as a function
of V; and V. An optical SSB filter that follows extracts, for ex-
ample, only theoptical carrier and first-order LSBs, asshownin
Fig. 9(b). The complex electric field of optical SSB signal e»(¢)
is then expressed as

es(t) x /2P, [G_LO il (D—pa(D)}
+ag e tee®=e® 4o Cjw(t)} )

(A8)

Thisistransmitted to aremote BS asan optical downlink signal.

After transmitted over adownlink optical fiber with thelength
of L, and the propagation constant of 3,(f), the optical down-
link signal is split by an optical power divider. It is assumed
that the propagation loss of the downlink optical fiber is com-
pensated by optical amplifiers. One part of the optical downlink
signal is used to regenerate the RF downlink signal in the BS,
the other part is used to transmit an RF uplink signal. The com-
plex electric fields of former and later optical signals ey (t, Lg)
and ez, (¢, Ly) are then written as

62d(t7 Ld) = \/m . GQ(t) - exp {_7[3d(f) . Ld}
o \/2000pa Pe X [a—l,o e¥-1.0(t La)

+ ag _1 - ejwo,—l(t,Ld)

Fag. g - et Ld)}

e?u(t; Ld) = (1 - aopd)GQ(t) - €Xp {_7[3d(f) ) Ld}

x 2(1 - aopd)Pc X |:a_170 - ej¢_1,o(t,Ld)

(A9)

+ ag _1 - ejwo,—l(tyLd)

+ao.o - ejwo,o(ty Ld):|

(A10)
where i, (¢, Lq) is defined as

Py, q(t; La) = pe(t) + poa(t) + qoi(t) — Ba(f) - La
~27(fe +pfa+ qfi)(t — BarLa)
+ ¢e(t — Bar La) + pOu(t — BarLa)
- %/3(12 {2n(pfa+ (Ifl)}2 - La

— (Bao — Bar - 27 fe) - La. (A1)

Here, avopa is the bifurcation ratio of the optical power divider,
the propagation constant 3,( f) is approximated as [13]

Bul) = Puao + fas - 27(f = £+ 5Baa - {2 (F = f}.
(A12)

Here, 341 Ly corresponds to the group-delay time, and 34 is
related with the dispersion of downlink fiber D, as

A
Paz = 5. Da (A13)
e
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A and ¢ are the wavelength in the fiber and the velocity in the
vacuum, respectively. By using the photodetector (PD ) in the
BS, three interest photocurrents are generated from the optical
downlink signal es4(t, Ly) as shown in Fig. 9(c).

te,d(t, La) = 2R paopaFe - o, 06-1,0 - €xp {j%,d(t, Ld)}

(A14)
ic,1(t, La) = 2R patopaP: - a0, 000, —1 - exp {jwe,1(t, La)}

(A15)
ia,1(t, La) =2Rpaopale - a—1, 000, —1 - exp {jer, a(t, La)}.

(A16)

In the above equations, R is the responsivity of PDg and
theng. a(t, La), pe 1(t, La), and gy o(t, Ly) are, respectively,
given as

@c,a(t, La) =0 0(t, La) —1-1,0(t, La)
=2mfa(t — BarLa) + 0a(t — Bar La)
- %/3(12(27#(1)21«1,
@e,1(t, La) =10, 0(t, La) — %o, -1(t, La)
=2 fi(t — BarLa) — %/3(12(27#1)213(1 (A18)
e1,a(t; La) =0, —1(t, La) — ¥—1,0(t, La)
=27(fa — f)(t — BarLa)
+ 0a4(t — BarLa) — %/3d2(27ffd)2Ld

(A17)

+ % Baz (27 f1)? La. (A19)
We negllect the dispersion effect dueto both thelaser phase noise
¢.(t) and the downlink data 8,(t) because they do not seriously
influence the system performance in actua fiber-optic access
networks with standard SMFs. For example, the linewidth of
laser will be several 10 MHz at most, the maximum data rate
of the RF signal will be several 100 Mb/s, the total fiber
length will be < several tens of kilometers, and the fiber
dispersion will be typically 17 ps/nm/km. In this case, since
the maximum difference of group delay will be 1 ps at most, it
istrivial for the several hundred megabit-per-second data Only
the desired downlink RF signal 4. 4(t, La) is then selected
out by an eectrical BPF (e — BPFg) and propagated via a
millimeter-wave antenna to aterminal. Note that in (A17), the
last term is a constant phase, and there is no laser phase noise
term. If the payload data of the RF downlink signal 84(t) is
deferentially encoded and the propagating RF downlink signal
iq,a(t, Lq) 1 then demodulated by the differential detection,
the data for the downlink can be extracted without any fiber
dispersion effect, as well as no laser phase noise.

The other fraction of the optical downlink signal (e2. (¢, La))
ismodulated with the RF uplink signal +n,, (¢) by another optical
modulator (MOD g) in the BS.

(A20)
(A21)

en (t) =V, €Xp {J‘Pu (t)}
wu(t) =27 fut + 0,(t).
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Vi, fu, and 8,,(t) are the amplitude, the carrier frequency, and
the payload data of the RF uplink signal, respectively. The com-
plex electric field of the modulated optical signal e3(t, Ly) is
then written by

es(t, Lq) =Mpg[m.(t)] - e2u(t, La)

X4/ 2(1 - aopd)Pc *a-1,0

DN ECERICISO

r=—00

+ 2(1 - aopd)Pc s ao, —1

03 by I D)

T=—00

+ 2(1 - aopd)Pc N a0,0

. Z b, - (o 0()+reu(t)) (A22)

r=—00

where M o] represents the response function of MOD g and
also depends on the modulation schemes. b, is given as the
Fourier coefficient as a function of V,,. Another optical narrow
BPF (o — BPF ) in the BS extracts one set of the first-order
LSB from es(t, L,), as shown in Fig. 9(e). The resultant
is looped back to the CS, called optical uplink signal. The
complex electric field of optical uplink signal e4(¢, L) is
written as

es(t, La)

X \/m X [a,LO by - ei¥—1,0(t, La)
+ao, _y - bo - Vo 16 L)
+ago-b_1
et Lo}

(A23)

The optical uplink signal returns to the CS over an uplink
optical fiber with the length of L,, and propagation constant of
B.(f). Itisaso assumed that the propagation loss of the uplink
optical fiber is compensated by optical amplifiers. The complex
electricfields of theoptical uplink signal e4,,(¢, Ly, L, ) isthen
rewritten as

eau(t, La, Lu) =ea(t, La) - exp {—jBu(f) - Lu}
=1/2(1 — acpa) I
X [a—l,O by - V=100t Lay L)
+ao, 1 - by - efvo—rolt Las L)
¥ an by - i (e )]

(A24)
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where v, , (t, Ly, L,) isdefined as

Up, q,r(ty La, L)
= @c(t) + ppa(t) + gpu(t) — Balf) - La — Bulf) - Lu
~2n(fe+pfa+afi+7fu) - (t = Barla — BurLu)
+ ¢e(t = BarLa — Bur L) + pa(t — BarLa — BurLly)
10t~ BuL) — 5Pe - (2xlpfat )} - L

— S {2 (pfut afi+ el L
—{Bao = Bar - 2n(fe +7fu)} - La

Again, the propagation constant 3,,(f) is approximated as

Bulf) = Buo + Bur - 2n(f = 1)+ - {2n(F = F)},
(A26)

Here, 3,1 L. corresponds to the group-delay time and 3,2 is
related with the dispersion of downlink fiber D,, as

2
Buo = _)‘_ -D,.

2me (A27)

By using the photodetector (PD() in the CS, three interest
photocurrents are generated from the optical downlink signal
eau(t, L, L), asshownin Fig. 9(f).

t,u(t, La, Ly)
= 2Rc(1 — qopa) Pe - ao, 000, —1bob_1 - €/t P )
(A298)
t.a(t, La, Ly)
=2Rc(1 — aopa) Pe - a_170a07_1bg - eIralts La, Lu)
(A29)
ta,u(t, La, L —w)
= 2R (1 — copa) Pr - a0, 001, obob_y - 74wt Las L)

(A30)

In the above equations, R« is the responsivity of PD., and
Qal,d(ta Ld7 L'u,)y Qal,'u,(ta Ld7 L'u,)y and Qa'u,,d(ta Ld7 L'u,) are,
respectively, given as

@l,u(tv Ld7 Lu)
=wo, -1,0(t; La, L) —vo,0,-1(t, La, L)
= 27r(f'u, - fl)(t - ﬁdlLd - /3'11,1-[/'11,) + 9'11,(t - /3'11,1 L'u,)

— B @m Y La— (2 )L

+ 3B L+ P2 ) La (A31)

@1, a(t, La, L)
=0, -1,0(t, La, L) —v_1,0,0(t, La, Lu)
=2n(fa— fO(t — BaLa — BurLu)
+ 0a(t — BarLa — Burlu)

— P2 i) La — e )L

+ 3 A2 faY L+ 52 fa L
®d,u(t; La, Ly)
=w_1,0,0{t, La, Lu) —vo,0,—1(t, La, L)
=27(fu — fa)(t = BarLa — PurLu)
+0,(t = BurLa) — Oalt — Bur La — Bur Ly,)

- %/3(12(27#(1)21«1 - %ﬁuQ(ZWfd)QLu

(A32)

+ 1/3u2(27rfu)2Lu + /3(11 (27Tfu)Ld

5 (A33)

The photodetected signal are directly downconverted in the
IF band by the photonic downconversion [7]. We neglect
the dispersion effect due to the uplink data 6,(¢), Only the
desired uplink IF signal 4; ,,(t, Lq, L, ) isthen selected out by
another electrical BPF (e — BPF ) and put into a following
IF demodulator to extract the payload data for the uplink.
Note that in (A31), the last four terms are constant phases,
and there is no laser phase-noise term. If the payload data
of the RF uplink signa 6,(¢) is deferentially encoded and
then the downconverted IF downlink signal ¢; ,,(¢, La, L)
is demodulated by the differential detection, the data for the
uplink can aso be extracted without any fiber dispersion effect,
as well as no laser phase noise.
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