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Radio-Over-Fiber 16-QAM, 100-km Transmission
at 5 Gb/s Using DSB-SC Transmitter and
Remote Heterodyne Detection

Chia-Kai Weng, Yu-Min Lin, and Winston 1. Way, Fellow, IEEE

Abstract—By using a double-sideband suppressed carrier
(DSB-SC) optical transmitter and a remote self-heterodyned
(RSH) detection method, we experimentally and analytically
proved the feasibility of a radio-over-fiber system using a 16-QAM
signal at 5 Gb/s and 18 GHz, with a transmission distance of
100 km between a mobile service center and a base station.
The transmission system performance was carefully analyzed
by considering optical amplifier noise, fiber nonlinearity, phase
noise, frequency response, and analog-to-digital converter (ADC)
quantization noise. The 18-GHz, 16-QAM signal can be radiated
from the base station to a remote antenna port without any upcon-
verter, and the remote antenna port consists of a downconverter
and high-speed digital signal processors (DSPs) to recover the
16-QAM signal. The high-speed DSP, which partially compen-
sates the intersymbol-interference (ISI) and phase-noise-induced
system penalties, was enabled by 20-Gs/s ADCs. The algorithms
used in the DSP blocks were also described in details.

Index Terms—Coherent detection, digital signal processing
(DSP), double-sided suppressed carrier (DSB-SC), quadrature
amplitude modulation (QAM), remote self-heterodyned (RSH)
detection, subcarrier modulation (SCM).

1. INTRODUCTION

N a radio-over-fiber system which carries millimeter-wave
I signals, the chromatic dispersion-limited transmission
distance can be extended by using optical single-sideband
modulation technique [1], whereas the radio-spectrum-limited
capacity can be overcome by using multilevel modulation
techniques such as M-ary quadrature amplitude modulation
(M-QAM) techniques [2]-[4]. To transport multigigabit/s data,
integrated optical vector modulator (IOVM) is a common
method which has been proposed in coherent optical M-QAM
systems [4]-[7]. It should be noted that traditional subcarrier
multiplexed M-QAM system suffers from poor modulation ef-
ficiency, dispersion tolerance, and receiver sensitivity [2], while
conventional coherent system is economically prohibitive.
Therefore, a remote self-heterodyned (RSH) system could
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serve as an attractive alternative solution [8]-[10], which is the
main subject to be analytically and experimentally investigated
in this paper.

In this paper, we propose and demonstrate an optical trans-
mitter based on double-sideband suppressed carrier (DSB-SC)
[11], and an optical receiver based on digital-signal-processing
(DSP) technique, to build an RSH system which transports
multigigabit/s data rate using optical M-QAM. Furthermore,
we verified an unrepeated 100-km transmission system with
standard single-mode fiber (SSMF).

The paper is organized as follows. In Section II, the principle
of operation for wideband QAM signal generation is described.
In Section III, the fundamental performance for RSH is analyzed
and the result is compared for coherent detection and SCM sys-
tems. In Section IV, the experimental results on a back-to-back
and a 100-km transmission system are described. In Section V,
the DSP technique which was used to improve the system per-
formance degradation is described. Section VI concludes the

paper.

II. PRINCIPLE OF OPERATION

The proposed optical transmitter to generate a wideband
optical QAM signal in an RSH system is shown in Fig. 1. A
DSB-SC-modulator [11] is used to generate two wavelengths
whose frequency and phase differences are tightly controlled
through a microwave oscillator. The first wavelength, which
serves as the local oscillator at the heterodyne receiver, is un-
modulated and properly attenuated. The second wavelength is
modulated by an integrated optical vector modulator IOVM),
which is composed of three modulators: a Mach-Zehnder mod-
ulator (MZM) for in-phase modulation (MZM_I), an MZM for
quadratic-phase modulation (MZM_Q), and a phase modulator
for controlling the phase difference between the MZM_I and
MZM_Q [12]. To generate an optical 16 QAM signals, MZM_I
and MZM_Q are both biased at a minimum transmission point
and are modulated by two independent four-level pulse ampli-
tude modulated (4-PAM) baseband nonreturn-to-zero (NRZ)
signals, while the phase modulator maintains a 90° phase
shift between the output signals of MZM_I and MZM_Q. The
E-fields of the unmodulated and modulated wavelengths at the
output of the QAM-RSH transmitter are given by

ELO(t) = ACOS(wLot+9Lo(t)) (1)
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Fig. 1. QAM-Remote Heterodyne (QAM-RSH) transmitter configuration for
the generation of a wideband optical QAM signal. BB Signal. 1/Q: Baseband
in-phase/quadratic-phase component of the QAM signal. DC: constant bias
voltage. FBG: fiber Bragg grating. FPF: Fabry—Pérot filter.

and

Es(t)=DB-[I'(t) cos (wst + O5(t)) + Q' (t) sin (wst + O5(1))]

2
respectively. In (1), A is the amplitude of the remote LO carrier,
wro = 27(fo — (fm/2)) and O1,0(t) are the radian frequency
and phase of the remote LO carrier, respectively; fo is the
frequency of the laser diode, and f,,, /2 is the frequency of the
microwave oscillator. In (2), I'(¢t) = sin(wI(t)/2V,_r) and
Q'(t) = sin(mQ(t)/2Vz_q), where I(t) = X, I,p(t — nTy)
and Q(t) = X,Q.p(t — nTs) are the electrical m-PAM data
for the in- and quadratic-phase components of a 2™-QAM
signal, respectively; p(t) is a rectangular pulse signal with
unit amplitude and time duration Tg; V.1 and V. q are
the half-wave switching voltage of MZM_I and MZM_Q,
respectively; ws = 27(fo + (fi/2)) and 6s(t) are the
radian frequency and phase of the modulated signal. We
assume that the 2™-QAM signal has a uniform and rectan-
gular constellation (m is an even number), and, therefore,
the amplitude levels of the m-PAM must be properly ad-
justed to compensate for the nonlinear sinusoidal transfer
function of the MZM_I and MZM_Q. For example, with
7l /2V._1 = (—0.57,—0.1087,0.1087,0.57), we obtain a
uniformly distributed amplitude of I’ (¢) = (—1,—1/3,1/3,1).
Note that the polarization states of the two wavelengths are
aligned through a polarization controller before they were
recombined. Owing to the fact that the polarizations and fre-
quencies of both modulated and unmodulated wavelengths
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are well controlled at a DSB-SC transmitter, an RSH receiver
becomes significantly simpler than a coherent receiver.

A system diagram for a radio-over-fiber network using the
proposed RSH technique is shown in Fig. 2. A QAM-RSH trans-
mitter, located in a central office, sent an optical M-QAM signal
together with a remote LO carrier through an optical fiber link
with a total optical loss L. At a remote base station, both the
modulated signal and reference carrier are amplified by an er-
bium-doped fiber amplifier (EDFA) with an optical gain G, fil-
tered with an optical bandpass filter (OBPF) centered at f; and
a 3-dB bandwidth of By, and received by a wideband direct-de-
tection optical receiver. The detected signal after the wideband
optical receiver is given by

L(t) = RVGEL (Bu(t) + Fro(t)|
— RGLAB - [I'(t) cos (27 fit + AB(1))
—Q'(t)sin(27 ft) + AB(1))]
+ DC terms. 3)

where R is the photodiode responsivity, and Af(¢) = 0r0(t) —
fs(t). It can be seen from (3) that the in-phase modulating signal
I'(t) and quadratic-phase modulating signal @)’ (¢), both at the
beat frequency f,,,, have been recovered. The microwave/mil-
limeter-wave signal is then amplified and radiated via an an-
tenna. At the remote antenna port, the received microwave/mil-
limeter-wave signal is downconverted to an intermediate-fre-
quency (IF) signal. The optical and electrical spectra are also
shown in Fig. 2. Note that in a remote antenna port, an IF dig-
ital receiver [2], [4] is used.

III. SYSTEM PERFORMANCE ANALYSIS

A. SNR Comparison of RSH, Coherent Detection, and SCM
System

In this section, we would like to compare the SNR per-
formances of transmission systems based on three different
detection methods: RSH, coherent, and subcarrier-multiplexed
(SCM) systems, all with an optical preamplifier. We assume
that the transmitted signal and LO power at the output of the
QAM-RSH transmitter in Fig. 2 are Py and Py o, respectively.
Considering only signal-spontaneous (Sig-Sp) and LO-Spon-
taneous (LO-Sp) beat noise, we have the IF SNR of an RSH
system given by (measured with an electrical bandwidth B at
the IF band)

1(2RGL\/PsPLo)?
QnRQLGSASE(PS + PLO) -B

SNRRsH,IF = 4)

where 2nR2LG S asg Ps and 2nR? LGS Asg PLo are the Sig-Sp
and LO-Sp beat noise density, respectively, B is the IF filter
bandwidth, Sage = 2neq(G — 1)hv is the ASE spectral noise
density in two polarizations, n., is the equivalent spontaneous
emission factor of the optical amplifier, hv is the photon energy,
and 7 = 1 or 1/2 depending on the optical filter bandwidth [13].
Here, n = 1/2 corresponds to the condition of image-rejecting
filtering and is illustrated in Fig. 3.

It could be seen from Fig. 3 that, when the optical filter (cen-
tered at f) has a bandwidth B, < 3f,,, —B, the in-band noise can
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(0)

Note that Pt = Pg for the coherent heterodyne system. It can
be observed from (5) and (6) that for the same total transmission
power, the maximum achievable SNR for coherent heterodyne
detection based on a strong LO signal is 6 dB higher than that
of RSH detection.

For a conventional subcarrier modulation system, its SNR is
given by

3 (Rmm,GLPr)?  m? LPr

SNRscym = -
SO T 9R2S,spGLPr B~ 8neqhvB

form <1
(7

where m; s is the root-mean-square optical modulation index,
and is typically less than 20%. For example, if m,,; = 10%,
the SNR penalty of an SCM system is 23 dB when compared
with an RSH system with Ps = P and = 1/2, given that

Fig. 4. Calculated results for coherent (n = 1/2), RSH (n = 1/2 with Pg =
PLo), and conventional SCM systems (withm = 10% and 20%).

both systems have the same total transmission power and ASE
noise floor. Fig. 4 shows the calculated SNR as a function of
the total received power (P, = LP) for the three transmission
systems (B = 2.5 GHz and n.q = 2). We can see that even
though the RSH system has a 6-dB worse SNR performance
than a conventional coherent system, it has a significant SNR
advantage over conventional SCM systems.

Note that the calculated results in Fig. 4 for SCM systems
were based on a linear electrical-to optical (E-O) transfer func-
tion, and, therefore, a small error could be incurred for OMI =
20% if the E-O transfer function is not linear. It should also
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be noted that at OMI higher than 20%, the constellation was
severely degraded because of the in-band nonlinear distortion,
and the effect could not be evaluated simply from SNR mea-
surement.

In our experiment, an actually measurable parameter called
modulation error ratio (MER) was obtained. MER is defined as
MER = (IE+Q%)/((IT _Io)2+ (Qr _Qo)2)7 where L” Qr are
the demodulated in-phase and quadrature-phase symbols, and
1,, Q, are the ideal normalized in-phase and quadrature-phase
QAM symbols. Note that MER is equal to the baseband SNR
[given in (10)] when only uniform additive white Gaussian noise
(AWGN) is considered.

B. M-QAM RSH System Receiver Sensitivity

In this section, we would like to compare the receiver sensi-
tivity of ASK, 4-QAM, 16-QAM, and 64-QAM modulations in
an RSH system with an ideal preamplifier (n., = 1), by using
a bit-rate-independent figure of merit, i.e., the required photons
per bit to achieve a bit-error ratio (BER) of 10~2. Our analysis
is based on the following assumptions: (1) synchronous demod-
ulation [14] with a matched-filter being used; (2) Py = Pro;
(3) 7 = 1/2; and (4) the noise variance for each constellation
point is equal to the average noise variance. Assumption (4) im-
plies that we do not consider the amplitude-dependent noise for
QAM BER calculation. In our calculation and Monte Carlo sim-
ulation, however, amplitude-dependent noise could cause some
excessive optical power penalty of ~1 dB for 16-QAM and
~1.4 dB for 64-QAM modulation when a midpoint threshold
was used.

For ASK matched-filter demodulation, the BER is given by
(see Appendix A)

1 SNR
BERask = gerfe (1/#) 8)

where SNRp_ask is the symbol signal-to-noise ratio (SNR) of
the sampled matched-filter signal. The baseband SNRp_asxk is
equal to IF SNR by letting B = Rg/2 = Ry, /2 in (5) and we
have

LPT Ty

SNR =t =2 9
DA T ) neqhvRy 2 @

where 7, is the average received photons per bit. To achieve a
BER = 1072, the required n;, for ASK modulation is then equal
to 144. For a coherent heterodyne systems using synchronous
detection, the required ny is 36 [14], which is 6 dB superior to
that of an RSH system.

To calculate the BER for a demodulated M-QAM signal,
the symbol SNR (SNRp_ganm) of the sampled matched-filter
signal at baseband is first determined. The SNRp_gawm is equal
to SNRr by letting B = 2(Rs/2) = 2(Ry/2logy, M) by con-
sidering only either in-phase or quadrature-phase component
of the sampled matched-filter signal. The SNRp_gawm is then
given by

logy MLPr  logy Mny,

SNR = =
D-QAM = Neghv Ry, 4

(10)
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The M-QAM signals can be decomposed into two indepen-
dent v/M-PAM signals. The error probability of these two
v/ M-PAM signals is the same and could be treated indepen-
dently. With Gray coded bit mapping and the assumption that
errors occur between neighbor pairs in the constellation, the
BER of a square-shaped M-QAM constellation over AWGN
channel is derived from [15]. The BER for 4-, 16-, and 64-QAM
modulation is then given by

1 SNR ,
BER,—qan = gerfe <1/%> (11)

3 SNR /
BERs_qgam = geTfC < %) (12)

7 SNR )
BERgs—_qam = ﬂeTfC < %) (13)

To achieve BER = 109, the required ny for 4-, 16- and
64-QAM modulation are given by ~72 (SNRp_agam =
15.6 dB), ~178 (SNRD_H;QAM = 225 dB) and ~489
(SNRp_ssqam = 28.7 dB), respectively. Note that if we
compare the 4- and 16-QAM results with those of [16], which
shows the required photon numbers per bit are 18 and 45,
respectively, we can clearly see the 6 dB receiver sensitivity ad-
vantage of a coherent heterodyne system. It is worth mentioning
here that the ~6 dB higher SNRD requirement of 64-QAM
than 16-QAM implies a higher ~6 dB OSNR in the optical
transmission system and could present a significant challenge.

IV. EXPERIMENT

The experimental setup is essentially what we have shown in
Figs. 1 and 2. The dual-wavelength signal generator was con-
structed via a DSB-SC transmitter with a modulating tone of
9 GHz. One of the wavelengths was filtered by a fiber grating
(FBG) and sent into an X-cut LiNbO3 IOVM which consists
of three modulating ports [12], two of which functioned as the
interfaces to a pair of synchronized and independent 4-PAM sig-
nals. Each of these two ports had a half-wave switching voltage
of ~5 V. The third port, a DC port with a half-wave switching
voltage of ~6 V, was used to control a phase modulator. The
other wavelength was reflected by the FBG, and passed through
a Fabry—Pérot filter (FPF) to further suppress the unwanted spu-
rious signals. This filtering configuration achieved more than
35 dB suppression of spurious signals for both wavelengths.
The modulated and the unmodulated wavelengths were com-
bined and heterodyned at a remote 20-GHz photodiode to gen-
erate a wideband QAM signal at 18 GHz. By using a microwave
mixer and a local oscillator (LO) at 19.5 GHz, the 18-GHz
signal was amplified and down converted to an IF frequency
at 1.5 GHz. The 1.5-GHz IF signal was amplified and sampled
by a high-speed digital oscilloscope (Tektronics TDS7404) with
analog-to-digital converters (ADCs) running at 20 Gs/s. The
amplitude of the IF signal was ~ 400 mV,. The amplitude
level was optimal in the sense that the ADC was run at nearly
a full scale and the quantization noise can be reduced without
significant signal distortion. The digital data was stored and pro-
cessed by an offline software based on Matlab program in the
personal computer, similar to those used in [2], [4] and [17].
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Fig. 5. Measured 4-PAM eye diagram at the output of the LPF.

Each of the two 4-PAM signals was generated by super-
imposing two binary NRZ signals with a proper amplitude
adjustment to equalize the differences between any two adja-
cent power levels [18]. The binary NRZ data was 1.25 Gbps,
which corresponds to 5 Gbps data rate for the 16-QAM signal.
Note that each 4-PAM signal was formed by using the data
and data-inverse outputs of a pulse pattern generator (PPG).
The data and inverse-data outputs were decorrelated by a
transmission cable, and the transmission-cable-induced delay
was fine tuned via a mechanical delay line for symbol synchro-
nization. The 4-PAM signal was then amplified and filtered by
a linear-phase low-pass-filter (LPF) with a 3 dB-bandwidth
of 930 MHz. The measured eye diagram at the LPF output
is shown in Fig. 5. The peak-to-peak voltage of the 4-PAM
signal was ~6 V, which corresponds to ~0.6 modulation index
(= Vpp/2 Vi1q). Note that to generate two 4-PAM signals
synchronously, two PPGs operating in master and slave mode
were used, and the symbol synchronization between the two
PPGs was adjusted by the clock phase of the master PPG.

The IF data was downconverted by a digital I/Q mixer,
and the I- and Q-components were subsequently separately
filtered by a digital Raised-cosine filter with 3-dB bandwidth
of 875 MHz and an alpha factor of 0.4, and re-sampled to keep
one sample per symbol period with a decimation factor of 16
(20 GHz/1.25 GHz). Due to the different physical propagation
lengths experienced by the modulated and unmodulated optical
carriers, the phase difference between them caused the mea-
sured constellation rotated with an arbitrary phase. This phase
rotation can be compensated by multiplying a complex phasor.
A constellation analyzer, which computes the modulation error
ratio (MER), was used to measure the link performance of the
5 Gbps 16-QAM signal [2]. The block diagram of the software
demodulation is shown in Fig. 6.

The Fourier transformed power spectral density of the
IF signal is shown in Fig. 7. The resolution bandwidth was
10 MHz, and the 20 dB bandwidth was ~2 GHz, which
demonstrates an achievable spectral efficiency of >2.5 bits/Hz
(= 5 Gb/s/(2 GHz)).

The measured constellation at the software constellation ana-
lyzer is shown in Fig. 8(a). Also shown in this figure are the ideal
signal constellation and the decision boundaries for data deci-
sion. No error was observed in the window duration of 12.5 k
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symbols. The measured MER was 20.58 dB. It should be men-
tioned that the MER (or SNRp_qawm) to achievea BER = 1079
is ~22.5 dB via (12).

An optical pre-amplifier was used before the 20 GHz photo-
detector, and its total optical power was controlled to be —6 dBm
via a variable optical attenuator. The optical amplifier was fol-
lowed by an optical bandpass filter (OBPF) with a 3-dB band-
width of ~40 GHz. The optical spectrum showing the OBPF
filter shape and the dual-wavelength signals are shown in Fig. 9.

A. Back-to-Back MER Measurement

The measured and calculated MER are shown in Fig. 10.
The calculated total MER; includes the optical pre-am-
plifier-limited MERoa, and the quantization noise-lim-
ited MER,. MERo, is obtained from (5) with neq = 2,
B = Rs = 1.25 GHz, LPt = P,, and an 7 is between 1/2
and 1 due to the imperfect image rejection via the OBPF in the
experiment. MER,, is given by 6.02 x ENOB + 1.76 (dB),
where ENOB is effective number of bits of the sampling scope’s
ADC and is equal to 5 in our experiment. It can be seen that
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Fig. 8. Measured 16-QAM constellation diagram (a) back-to-back with MER = 20.58 dB (b) 100 km transmission with 2 dBm launched power with MER =
20.24 dB. The circle points represent the ideal signal constellation, and the dashed lines are the decision thresholds.
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Fig. 9. Spectral shape of the OBPF and the spectrum of the dual-wavelength
signals in the experiment. The shorter wavelength is the modulated optical car-
rier, and the longer wavelength is the unmodulated optical carrier. The spectral
resolution of the optical spectrum analyzer was set at 0.01 nm.

the measured MER (circle points) is lower than the calculated
MER; by as much as ~11 dB. This severe degradation is
caused by the intersymbol interference (ISI) and phase noise,
which will be discussed in Section V.

B. Unrepeated 100-km Transmission Experiment

After the back-to-back measurement of MER is done, a
100-km SMF-28 transmission fiber, and a booster-amplifier,
were added to the experimental setup. The received optical
power of the wideband photodetector was again fixed at
—6 dBm.

The measured MER was 20.24 dB when the fiber input power
was 2 dBm. The measured constellation is shown in Fig. 8(b).
There is a smaller than 0.4 dB MER penalty compared to that
of the back-to-back performance. Therefore, it is clear that the
transmission performance is limited by the back-to-back setup,

40 T T T T

35F E
Quantization Noise Floor

MER(dB)

15 " " . L
-35 -30 -25 -20 -15 -10

Pr (dBm)

Fig. 10. MER dependence on optical amplifier input power: Solid circle points
are the measured MER; solid and dashed lines are the calculated MER with and
without the image rejection filter, respectively; dotted line is the ADC quanti-
zation noise-limited MER (with an ENOB of 5 bits).

whose performance is limited by ISI and phase noise to be de-
scribed in the next section.

V. DISCUSSION

A. Effects of Phase Noise and Frequency Response

The effect of carrier phase noise is characterized by the same
experiment setup as shown in Figs. 1 and 2. In order to get an
independent phase measurement without data modulation, only
DC signals are applied to the IOVM. The DC bias levels are
adjusted and controlled in a manner that the I/Q ports of the
IOVM are both biased at maximum transmission power. The
received single-frequency IF signal was digitally I/Q downcon-
verted, low-pass filtered, and its phase calculated via MATLAB
program. By fitting the measured data to a Gaussian distribution,
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Fig. 11. Measured frequency response with (solid line) and without (dotted
line) equalizer, and the ideal raised cosine filter response with roll-off factor of
1(dashed line).

we found that the standard deviation o, of phase was ~0.05 ra-
dians (2.86°). The total recorded number of samples was 12.5 k.
The phase noise sources include: (a) the LO phase noise in the
transmitter, (b) the phase difference between the modulated car-
rier and LO which propagated through the system with different
transmission lengths, and (c) the 19.5 GHz LO (see Fig. 6) phase
noise in the receiver. Note that the measured system SNR was
very high (>30 dB) and, therefore, the impact of the amplitude
noise was negligible in this phase noise characterization.

The MER penalty Dphase due to phase noise, which is the
ratio of MER [at the presence of both phase noise and additive
white Gaussian noise (AWGN)] and SNR (while only AWGN
is presents), is given by [19] (approximated for o, < 1)

Dphase = 10log (1 4+ SNR - 07) (14)

For an SNR of 30 dB, Dppase is 5.44 dB, which is quite sig-
nificant if the phase noise is left uncompensated.

The frequency response measurement setup is also the same
by replacing the PPG with a microwave synthesizer at the input
of the IF amplifier. The frequency of the output signal from the
microwave synthesizer is changed from 50 MHz to 1250 MHz
with a step of 50 MHz and the microwave synthesizer output
power was used as a reference. The received sample of this
single-frequency IF signal is then digitally I/Q downconverted,
low pass filtered, and Fourier transformed by the offline pro-
cessor, and the results are shown as the dotted line in Fig. 11.
Note that the resultant power was calculated and normalized to
the transmitted power at the corresponding frequency, and was
the average measured results of I- and Q-channels (note that
there is no significant difference between the I- and Q-chan-
nels). An ideal raised cosine filter with a roll-off factor of 1 is
also shown in Fig. 11 for comparison. The nonideal frequency
response would induce ISI on the QAM signal, and its effect
was investigated through simulations by comparing the mea-
sured frequency responses with and without an equalizer (whose
design will be described later). A low-pass equivalent model
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Fig. 12. Simulated result for MER dependence on SNR, considering only ISI
effect due to the imperfect frequency response. Solid line represents the result
without an equalizer. Dash line represents the result with the derived equalizer.

was used. The simulation results are shown as the solid line in
Fig. 12. It is shown that, for SNR = 30 dB (and, therefore, the
system is not limited by SNR), the MER penalty due to ISI is
~4.6 (= 30 — 25.4) dB without the equalizer. The MER is lim-
ited to ~27 dB even with SNR > 35 dB without the equalizer
because the ISI dominates the MER penalty.

B. Back-to-Back Performance Improvement Through ISI
Equalization and Phase Tracking

In order to improve the back-to-back MER performance, we
implemented a time-domain ISI equalizer and a phase tracking
block, both within a Matlab-based demodulator, as is shown in
Fig. 13. The detailed functions of the phase tracking block and
ISI equalizer are described in the following sections.

ISI Equalization: The equalizer is designed to compensate
the imperfect frequency response of the back-to-back system,
and is not attempted to equalize the transmission-induced
transfer function.

To compensate the ISI effect in the back-to-back system, an
adaptive feed-forward equalizer (FFE) is applied to equalize the
system response. The adaptive equalizer is based on the well-
known least-mean-square (LMS) algorithm [20]. The equalizer
has 128 taps with tap frequency equivalent to symbol rate, and
is trained with the collected samples in a personal computer it-
eratively. With ~ 10 training symbols, the MER is converged
and the filter coefficients are fixed in our experiment. It should
be noted that the adaptive algorithm is only used to blindly com-
pensate the static system transfer function; after the filter coef-
ficients are converged we did not attempt to dynamically adjust
it. The effect of the equalizer is illustrated in Fig. 12. We can see
that there was ~2.7 dB MER improvement at SNR = 30 dB by
using the equalizer.

Phase Error Correction: We used feed-forward decision di-
rected (FF-DD) carrier phase recovery algorithm [21] for phase
error correction. It has been shown that such algorithm real-
izes maximum-likelihood (ML) carrier phase estimation in an
approximate form for high SNR. Unlike the traditional phase-
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Fig. 13. Software processing for performance improvement through phase tracking block and ISI equalization.

locked loop (PLL) approach [7], [19], the feed-forward algo-
rithm estimate the carrier phase directly through an explicit form
without relying on one-dimension searching process iteratively
provided by PLL. Hence, no loop delay is introduced which
is very suitable for tracking the carrier phase generated by the
beating of optical carriers, such as in coherent optical systems
[17], and the DSP causes negligible processing latency. The
FF-DD algorithm estimates the carrier phase for the kth block
of symbols with the following form:

N
0, = arg (Z a;(i).zk(i)>

i=1

15)

where 6, is the ML carrier phase estimation for the kth block
of symbols, aj () is the complex conjugate of the ith decision
output of the kth block of symbols derived from Or_1, z(1) is
the ith received symbol of the kth block, and N is the length
of the block. The initial phase (fy) would be estimated from
the preamble bits in the acquisition stage of the phase recovery
block. The decision on the ith symbol of the kth block is then
updated after subtracting the carrier phase drift derived from the
kth ML phase estimation:

(i) = DEC (zk(i).e*jek) (16)
where ay(4) is the final decision output, and DEC() computes
the decision metrics for M-QAM signals. It should be noted that
the phase drift should not vary significantly over NT, where N is
the block length and T'is the symbol rate, in order to get a correct
estimate. Note that a larger N can reduce the estimation error
because the noise level is averaged over a larger time window,
while a smaller N provides faster tracking of the carrier phase.

The resultant MER improvement due to the combined effect
of ISI equalizer and phase error correction block is shown in
Fig. 14. The case for MER improvement through only phase
tracking block is shown with a dotted line for N =125 and 25,
respectively. The difference of MER between N = 125 and
25 is not significant (The measured MER at Pr = —15 dBm
was 21.44 dB for N = 125, and 21.78 dB for N = 25). Note
that higher N is preferred from the viewpoint of phase updating
rate even though the required buffer size is larger; for example,
in our experiment, N = 25 stands for a phase updating rate
of 50 MHz for 1.25 Gsps symbol rate, and stands for 10 MHz
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Fig. 14. Back-to-back MER dependence on the received optical power before
the preamplifier.

for N = 125. The later significantly simplifies the hardware
implementation with a reduced clock rate of the digital signal
processor with negligible MER penalty. As shown in Fig. 14,
experimentally we obtained ~1 dB MER improvement through
the phase tracking block.

The MER performance with both phase tracking block and
ISI equalizer is shown in Fig. 14 for N = 125 and N = 25,
respectively. The measured MER is 24.15 dB and 24.62 dB for
N = 125 and N = 25, respectively, for Pr = —15 dBm. The
total MER improvement is ~3.5 dB for N = 125, and ~4 dB
for N = 25 through the combination of phase correction and
ISI equalization. The equalizer by itself improves the measured
MER with ~2.7 dB, independent of N. This improvement is
consistent with the simulation result. The measured signal con-
stellation after the phase estimation block and the equalizer is
shown in Fig. 15(a) and (15b), for N = 125 and 25, respec-
tively.

When ISI equalization and phase error tracking are both ap-
plied, the required received optical power before the optical am-
plifier is ~ —28 dBm to achieve BER = 107 (MER =
22.5 dB), according to Fig. 14. This received power level cor-
responds to ~2465 photons/bit for 5 Gbps data rate, and the
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Fig. 15. Measured back-to-back signal constellation diagram with phase estimation and equalization. (a) For phase estimation block length of N = 125. (b) For

phase estimation block length of N = 25.

penalty is 11.4 dB compared to the ASE-limited receiver sensi-
tivity of 178 photons/bit.

In summary, the performance improvement (at P, =
—15 dBm) through DSP blocks is shown in the following table.

. . . With Phase tracking and
Without DSP With Phase Tracking ST Equalizer
21.44 (N=125) 24.15 (N=125)
MER (dB) 20.58
21.78 (N=25) 24.62 (N=25)

The DSP blocks are then applied to the stored data for unre-
peated 100-km transmission experiment and the performance
is compared with results obtained from a computer simulation
using VPIL. The simulation parameters of VPI were the same
as the parameters used in the experiment Optical fiber loss =
0.2 dB/km, optical fiber chromatic dispersion = 17 ps/nm,
optical fiber nonlinear index = 2.6 x 1072° m?/w, and
optical fiber core area = 80 pm?, fro — foam = 20 GHz,
optical amplifier noise figure = 6 dB, modulation index =
0.6, and the symbol length = 1024 x 16 symbols. The MER
was obtained with the combined use of VPI and Matlab. In the
simulation, both the carrier phase recovery and frequency-re-
sponse are assumed to be ideal, and only the fiber dispersion
and nonlinear effects were considered. The simulation and
experimental results (with DSP and N = 125) for the 100
km system are shown in Fig. 16. Also shown in Fig. 16 is
the back-to-back experimental performance after DSP im-
provement. The measured back-to-back MER was ~24 dB,
which is ~4 dB improvement from the original back-to-back
MER performance of 20 dB (shown in Fig. 10). The improve-
ment, as mentioned previously, was due to ~2.7 dB from ISI
equalizer and ~1 dB from phase error correction. However,
comparing with the theoretical calculated MER = 31 dB at
Pr = —15 dBm (see Fig. 10), there is still a MER penalty
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Fig. 16. Simulation and experimental results for unrepeated 100 km transmis-
sion after performance improvement through the DSP technique. The measured
back-to-back MER is also shown.

of ~7 dB (for N = 125). The ~7 dB penalty was due to the
nonideal matched filter, ADC, frequency response, and the
nonideal 4-PAM electrical signal generation (as can observed
in Fig. 5).

In Fig. 16, the measured MER after phase error correction
and ISI equalization for the 100—km transmission system, at an
optimum fiber input power of 2 dBm, is 23.98 dB. This is about
2 dB lower than the simulation result. For higher and lower
launched power levels than 2 dBm, the discrepancy between the
measured and simulated MER is smaller, because in those power
regions the nonlinear and ASE noise effects dominates over the
IST effect, respectively. Note that the reason why the measured
MER is lower than the simulated ones by ~2 dB is because of
the residual back-to-back penalty that could not be compensated
by the DSP blocks.

The measured constellations for a launched power of 2 dBm
is essentially the same as that shown in Fig. 15(a). At a launched
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Fig. 17. Measured signal constellation diagram after unrepeated 100—km transmission with digital compensation. (a) For launched power of —9 dBm. (b) For

launched power of 10 dBm.

power of —9 and 10 dBm, the constellation diagrams of the re-
ceived signal after DSP are shown in Fig. 17(a) and (b), respec-
tively. In Fig. 17(a), we can see that the noise is higher for the
constellation points at the corners, which demonstrates the mod-
ulation amplitude-dependent noise due to Sig-Sp beat noise. In
Fig. 17(b), there is an obvious phase rotation due to self-phase
modulation (SPM) for constellation points at the edges. The
phase tracking algorithm could not track the constellation well
when the phase shift of the constellation points is intensity de-
pendent.

VI. CONCLUSION

We have experimentally demonstrated a wideband 16QAM
radio-over-fiber 100 km transmission system using a
DSB-SC-based RSH technique, and evaluated the system
performance analytically. It was concluded that the funda-
mental receiver sensitivity of the proposed technique is much
better than conventional SCM systems, and is only 6 dB worse
than a conventional coherent heterodyne system. We have
also systematically identified sources of transmission system
penalty, including phase noise, frequency response, optical
amplifier noise, and fiber nonlinearity. We have observed
~7 dB residual MER penalty even DSP was used to improve
the back-to-back system performance, and believed that this
large system penalty is caused by the nonideal ADC, digital
matched filter, equalizer, and the nonideal generation of 4-PAM
signal at the transmitter. A 64-QAM signal would be even more
challenging because of the 6 dB higher OSNR requirement.

APPENDIX A
BER OF HETERODYNE ASK DETECTION IN RSH SYSTEM

Following (4), we have the IF signal at the photodetector
output given by
SIF(t) = 2RGL (QPS)PLO COS(wIFt) + n(t) for bit “1”

(A1)

and

Str(t) = n(t) for bit “0”. (A2)
Note that we have assumed that the single-sided noise density

Ny for mark and space is the same and given by

No = 2R?*GL(Ps + PLo)neq(G — 1)hfo (A.3)
where we have assumed that the optical image rejection filter
was used. After an ideal downconversion and a matched-filter
detector, we obtain an output signal given by

T
SD(t) = %/S}F(t) . ﬁCOS(wIFt)dt. (A4)
0

The SNR at the matched filter output is then described by [22]

SNR — Sha+Sho _ 4R’G?L*PsPro +0
of + o3 Nog + No g
2LPsP,
= 5 Lo forG>1  (AS)

(Ps 4+ Pro)neqhfoRs

where Sp_1 and Sp_g are the sampled signal of mark and space
bit, respectively. For a fixed total transmission power P =
Ps + P10, the maximum SNR is achieved when P = P10 =
Pr/2 and the resultant SNR is given by

LP~r

NR - T
SNRp_asx 2n.qhfoRy,

(A.6)

Assuming both mark and space have Gaussian conditional
probability density functions with a decision threshold at
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RGL+/ Ps PLo, the BER of RSH ASK detection is then given
by

RGL\/PsPro

\/ NoZe

LPsPro
(Ps + Pro)neqhfoRy

For Ps = Pro = P1/2, the BER becomes

BER=Q

=Q for G>1 (A7)

LPr

LPr f
—erjc P ——
87’Leq hf(] Rb

47’Leq}Lf0Rb - 2
1 SNRD_ASK
= —erfc _—
2 V 4
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