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We analyze a feasible high-sensitivity homodyne coherent optical receiver for demodulating optical quadrature
phase-shift keying (QPSK). A fourth-power phase-lock loop based on a digital look-up table is used. Considering
the non-negligible loop delay, we optimize the loop natural frequency. Without error correction coding, a
sensitivity of —37 dBm/—35 dBm is achieved, while the bit error rate is below 10~ at 2.5 Gbaud/5 Gbaud rate.
For the QPSK communication system, the bit rate is twice the baud rate. The loop natural frequency is
0.647 Mrad/s, and the minimized steady-state phase-error standard deviation is 3.83°.
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For the digital coherent optical communication system,
the receiver samples the analog electrical signals through
a high-speed analog-to-digital converter (ADC). In gen-
eral, the bandwidth of the electrical signal is equal to
the baud rate. According to the Nyquist sampling theo-
rem, the sampling rate of the ADC is twice the baud rate.
The digital signal processor recovers the digital baseband
signal based on the frequency offset estimation algorithm
and carrier phase recovery algorithm. With the increas-
ing of the communication rate, the sampling rate of the
ADC and the digital signal processor are challenged®?.
At the same time, the power consumption of the receiver
will increase.

The homodyne coherent receiver based on optical
phase-lock loop (OPLL) has attracted attention due to
its low power consumption. The losses caused by the
receiver can be compensated by an erbium-doped fiber
amplifier (EDFA)Z. Compared with binary phase-shift
keying (BPSK), the quadrature phase-shift keying
(QPSK) can carry 2 bits of information per symbol?. In
2002, Griffin et al. studied the optical differential QPSK
(0DQPSK). The signal is demodulated by using an optical
delay-and-add structure and is easier to realize than a ho-
modyne coherent receiver. However, the differential
demodulation scheme suffers from a sensitivity penalty
of about 2.3 dB compared with the ideal sensitivity of co-
herent QPSK detection”. In 2006, Pfau et al. reported the
real-time synchronous QPSK transmission and digital in-
phase quadrature (IQ) receiver. A 400 Mbaud QPSK data
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was transmitted quasi-error-free in a self-homodyne con-
figuraton?. For an ideal shot-noise limited optical QPSK
homodyne/heterodyne detection, the quantum limit of
sensitivity for a 1079 bit error rate (BER) is 36 photons per
symbol (18 photons/bit) and has an intrinsic 3 dB penalty
compared with homodyne BPSK detection, equaling the
sensitivity of heterodyne BPSK detection?.

For the multi-gigabit QPSK receiver based on OPLL, it
is difficult to extract the phase-error signal and the coef-
ficient setting of the OPLLYY. In 1992, Norimatsu et al.
adopted the decision-directed phase-lock loop (PLL),
and the phase-error signal was extracted by using
digital exclusive OR (EX-OR) circuits instead of analog
circuits™. But, this OPLL scheme generates the four-fold
phase error and offers 90° phase ambiguity, which needs to
be eliminated by differential encoding. In 2014, Fujii et al.
reported QPSK demodulation based on digital OPLL.
The phase-error signal was extracted by a track and hold
(T&H) circuit and a field-programmable gate array
(FPGA). A second-order active loop filter was used and
had a better phase margin. However, compared with
the first-order active loop filter, the complexity of the co-
efficient setting is greatly increased.

In this Letter, the fourth-power phase-lock algorithm
based on an FPGA is presented. The first-order active
filter is used as a loop filter. This scheme is applicable
to M-array phase-shift keying (PSK) and quadrature am-
plitude modulation (QAM) signals by changing the rel-
evant digital processing algorithm. The performance of
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a QPSK homodyne coherent receiver is examined. The
Padé approximation is adopted in calculation of the
phase-error variance with the non-negligible loop propaga-
tion delay, and the loop natural frequency is optimized.
First of all, Fig. 1 shows the structure of the QPSK
homodyne coherent receiver. The optical 90° hybrid com-
bines the received signal laser with the local laser and out-
puts two arms (I-arm and Q-arm), maintaining the phase
differences of the output signal at 90° or 180°. The output
voltages of the I-arm and Q-arm are expressed as

V](t) = 2(1 — k)RRL\/ PSPL COS[(/)n(t)
—or(t) +0()] + ny (1), (1)

Vo(t) = 2kRR;+/ PgP sin[g,(t)
—o(t) +6(D)] + no(t), (2)

where k is the power splitting ratio of the optical 90°
hybrid to the Q-arm and equal to 0.5 for QPSK; R and
R; are the detector’s responsivity and load resistance;
Pg and Pj, are the received signal power and local laser
power; @, (t) represents the carrier phase noise; ¢ (1) rep-
resents the phase of the local laser controlled by OPLL;
0(t) (=0,7/2,7,3x/2) is the QPSK phase modulation;
n(t) and ng(t) are the shot-noise processes for the
I-arm and Q-arm.

V(t) and V (1), the two analog signals, are sampled
and quantized synchronously by an ADC with a sampling
rate of 125 MHz. In order to remove the modulated signal
and recover the phase-error signal, the digitalized signals
are input into the normalized complex fourth-power look-
up table implemented in FPGA. The function of the nor-
malized complex fourth-power look-up table follows

L (VilK £ Volk)
1 I{wﬂ1+vdm} ®)

Im{ - } represents the imaginary part of the normalized
complex signal. According to Egs. (1) and (2), there is
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Fig. 1. Schematic of the QPSK fourth-power phase-lock loop.

¢ =1 for all time. Eq. (3) can be expressed as

2fk] = 2 sin[4(g,[K] — ¢

; RERL) SEG)

To simplify the analysis, we assume that the loop
remains in lock with a small phase error,

@,(t) —p(t) < 1. (6)

Equation (5) can be linearized using the approximation
sinz = x,

.’I}[k] = %Uf] - (pL[k} + n[k]v (7)

where z[k] is the phase-error signal of the phase-lock loop;
n[k] represents the shot noise and is modeled as a zero-
mean random truncated Gaussian-type distribution
After passing through the loop filter realized by the
proportional-integral digital control algorithm, the output
signal is z[k].

We investigate the functionality of an optical voltage
controlled oscillator (OVCO). As shown in Fig. 2, the di-
rect digital synthesizer (DDS) generates the correspond-
ing sinusoidal signal according to the signal z[k], and
the frequency of the sinusoidal signal fppg is expressed as

foos = 20 e, ©

where f. is the working clock of the DDS and equals
125 MHz; N is the word length of the DDS phase accumu-
lator word and is equal to 32. The function of the electrical
mixer is a frequency adder and outputs a sinusoidal signal
whose frequency is the sum of sinusoidal signal fppg and
RF signal frp. The output of the electrical mixer drives
the phase modulator and produces an optical sideband
series. An optical filter is used to obtain the +1-order side-
band of the optical sideband series. The optical
frequency of the +1-order sideband used as a local laser
is fro+ fops + frr- The side-mode suppression ratio
(SMSR) reaches 40 dB. As fppg is controlled by the feed-
back PLL, the lower input signal of the 90° hybrid will lock
to the received signal.

f 1 fL0+fDDS +fRF
Local o | Phase Optical
laset modulator filter
T -1 +1 +1
Driver 2 +0
+2

z [k] ‘ DDS f DpSs
Tlectrical /s + far I
Mixer
s

| —> Optical signal ‘

2 1 10 +2

\ —> Electrical signal | ‘

______________

Fig. 2. Principle of electro-optic modulation frequency shift as
OVCO.
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Next, we introduce the linear model diagram of an ana-
log optical QPSK fourth-power PLL, as shown in Fig. 3.
The phase-error signal is extracted from the carrier phase
noise ¢,,(t) and local laser phase ¢ (t), and a white noise
n(t) is added. 7 represents the total delay of the loop.
In our experiment, the loop filter adopts a first-order
active filter, and the transfer function is F(j2zf) =
(1+ j2rnfzy)/j2xfr;. In order to improve the accuracy
and stability of the PLL, the lead phase compensation
algorithm (LPCA) based on a soft phase compensator
is added. Finally, it integrates to generate the control
phase @(t). The loop filter is replaced by a digital control
algorithm implemented in FPGA.

According to Fig. 3, the closed-loop transfer function of
the OPLL can be expressed as

KppKvyeo(l + j2rfry) e 7"
(j2xf)*z; + KppKveo (1 + j2nfry) e 7207’
9)

K
0, — | KppKveo %7 (10)
7 )

where Kpp and Ky g are the gain of the detector and the
OVCO; w,, and ¢ are the natural frequency and damping
factor of the PLL.

The single sided power spectral densities (PSDs) of the
phase noise Spy(f) caused from ¢,,(t) and of the shot noise
Sen(f) caused from n(t) are expressed as

H(j2xf) =

SPN(f):% j—fl; (radQ/Hz), (11)
Ssn(f) = eRR2P;, (V?/Hz). (12)

Av represents the total linewidth of the signal laser and
local laser; K, is the coefficient of the 1/f noise; e is
the electron charge. In the condition that the phase noise
and shot-noise processes are independent from each other,
the variance 62 of the steady-state phase error has already
been obtained as

Lead phase
compensation

Shot noise Soft phase
Phase detector n(t) ’— compensator
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i : W m Delay Loop
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Fig. 3. Linear model of the analog fourth-power OPLL.
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In order to get the analytic solution, one method is using
the Padé approximation™. The (2,2)th Padé approxima-
tion of e “ is given by

_12—6@—1—(12

e‘“f4.
12 + 6a + a?

(14)

According to the (2,2)th Padé approximation with the
damping factor, ¢ is set to be 0.707, and Eq. (13) can be
expressed as

2 _ 9 p
0° = opy T o5y

_ anpAv 36 4 36y — 30y* + 6° —
2 36 — 72y + 64> — ¢!

e 36 + 12y — 1892 + 69° — y*
ARP .z, 36— 72y 1 62— 4F

+

(15)

where y = 1/15; opy and o2y are the variance of the
steady-state phase error caused by phase noise and shot
noise, respectively. According to the analysis of Norimatsu
et al. X, the (2,2)th Padé approximation is in good agree-
ment with the exact numerical solution when w, 7 is less
than 0.6.

Now, we optimize the loop parameters. Table 1 is the
experimental parameters. According to Table 1 and
Egs. (10)-(15), Fig. 4 illustrates the relationship between
the phase-error standard deviation ¢ and the loop natural
frequency w,, under the different loop delays. The effects of
the loop delay have two aspects: first, the increased delay
time reduces the optimal natural frequency; second, the
increased delay time increases the resulting minimized
steady-state phase-error variance.

The optimized natural frequency under specific loop
delay 7 is shown in Fig. 5. According to the fitted curve,
the optimal value is found to be

_os4

T

® (16)

n

The increase of the loop delay 7 will reduce the natural
frequency w,,. In order to reduce the effect of loop delay 7,

Table 1. Experimental Parameters

Parameter Symbol Value
Laser wavelength A 1549.72 nm
Received signal power P, —45 to —35 dBm
Communication rate R, 10 Gbps
Linewidth (TX/RX) Av 300 Hz
Responsivity R 0.85 A/W
Power-splitting ratio K 0.5
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Fig. 4. Phase-error standard deviation versus loop natural
frequency.
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Fig. 5. Optimized natural frequency versus loop delay time.

the LPCA is used. The principle of LPCA is to average the
signal z[k| eight times and then input the averaged signal
to the interface of the DDS’s phase control word. It will
generate the corresponding phase compensation.

According to the above analysis, the variance ¢ of the
steady-state phase error is related to the linewidth of the
laser. In general, the single sided PSD of frequency fluc-
tuation S,(f) can be tested by the instrument. S, (f)
can be expressed as

S =12 Senl) =24 20 (@AM, ()

f

Figure 6(a) is the PSD of frequency fluctuation S,(f)
tested from the laboratory. When the frequency is high
(higher than 100 kHz), the 1/f noise is very small and
can be ignored. It can be seen from the Fig. 6(a) that
the convergent value of S,(f) is 100 Hz?/Hz, and the
corresponding laser linewidth is 300 Hz. Figure 6(b)
shows the received signal constellations. The error vector

! (a) ——Frequency fluctuation PSD for TX laser |

~—Frequency fluctuation PSD for RX laser

Frequency fluctuation PSD (Hz%/Hz)

| szl o SR 054
10° 10’ 10? 10° 10 10° 10°
Frequency (Hz)

Fig. 6. (a) Frequency fluctuation PSD of the transmitter (TX)/
receiver (RX) laser and (b) the constellation of the QPSK modu-
lation signal.

magnitude (EVM) is 9.34% and is accurate enough for the
receiver to achieve the specified reception performance.

We built a QPSK homodyne coherent receiver based on
the fourth-power OPLL. The performance of the OPLL is
verified by simulation and experiment. In our experiment,
the detector model is KPDX10G. The ADC model is
EV10AQ190A. The series of the FPGA used in the experi-
ments is xc7k420tffg901-2. ADC sampling delay is 69 ns;
FPGA algorithm computing delay is 112 ns; digital-to-
analog converter (DAC) delay (restricted by the hard-
ware) is 338 ns, and the fiber delay is about 6 ns. The total
loop delay is 525 ns. According to Eq. (16), the corre-
sponding optimal natural frequency is 0.647 Mrad/s,
and the minimized steady-state phase-error standard
deviation is 3.83°. Table 2 shows the specification list of
the FPGA.

In order to understand the signal form of each step in
the OPLL algorithm, Fig. 7 shows the results of the sim-
ulation. Figure 7(a) is the original IQ) signal sampled by
ADC. The QPSK phase modulation signal 8(t) is removed
after the normalized complex fourth power. There are fre-
quency offset and phase difference, as shown in Fig. 7(b).
When the OPLL works, the corresponding phase-error sig-
nal is as shown in Fig. 7(c). Figure 7(d) is the constellation
of the recovered 1Q signal.

We further analyze the sensitivity of the QPSK homo-
dyne coherent receiver system, where the BER is affected
by the signal-to-noise ratio (SNR) and phase-error vari-
ance. The probability of bit error is obtained by Rhodes
asld

Table 2. Specification List about FPGA

Name Parameter

Fourth-power look-up table Input bitwidth: 7 bit

Output bitwidth: 10 bit

Input bitwidth: 10 bit
Output bitwidth: 32 bit

Phase accumulator word: 32
Output bitwidth: 16 bit

125 MHz

First-order active loop filter
Direct digital synthesizer

Working clock
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Fig. 7. QPSK fourth-power phase-lock loop simulation: (a) the
Lissajous of the original signal sampled by 125 MSa/s; (b) the
fourth power of the original signal; (c) phase error of the phase-
locked state; (d) the constellation of the recovered IQ) signal.

Py(o) = i{erfe[p(cosa + sino)]
+ erfefp(cos o — sino)]}, (18)

IRP,
=2 19
P Rue (19)

Ry is the bit rate. The erfc(z) is a Gaussian error function
defined as

+oo
erfe(z) = \/iz_r / e Pdt. (20)

Prabhu has presented the sensitivity loss caused by
phase-locked error. For a QPSK homodyne coherent de-
tection, standard deviations of ¢ = 2.97° and ¢ = 3.78°
correspond to power penalties of 0.5 dB and 1 dB at
10~ BER, respectivelyZ.

We measured the back-to-back BER of the QPSK
communication receiver. Figure 8 shows the BER with
respect to the received signal power for 2.5 Gbaud and
5 Gbaud QPSK. The received signal power threshold
for a 1072 BER reaches —37 dBm/—35 dBm in the case
of 2.5 Gbaud and 5 Gbaud. Comparing to the quantum
limitation, there is about 12 dB penalty. This penalty is
mainly caused by the noise factor of EDFA (4 dB), the
bandwidth of the balanced photodetector 10 GHz which
contributes to 3 dB penalty, and the residual phase error
of OPLL (2 dB). The remaining 3 dB penalty is from other
factors; for example, the signal quality of the transmitter
and the fiber connector.

_7 | |==Theoretical curve for 2.5Gbaud

107" £|—e—Theoretical curve for 5Gbaud
~——Il-arm 2.5Gbaud with LPCA
—Q-arm 2.5Gbaud with LPCA

108 - =l-arm 2.5Gbaud without LPCA
= =Q-arm 2.5Gbaud without LPCA
—Il-arm 5Gbaud with LPCA

10°? £|=—Q-arm 5Gbaud with LPCA
= ~Q-arm 5Gbaud without LPCA
[= -l-arm 5Gbaud without LPCA _ |

1 1 I I !
10" 60 55 50 45 -40 35

Received power (dBm)

Fig. 8. BER versus received signal power for 2.5 Gbaud/
5 Gbaud.

In summary, a homodyne coherent optical receiver
for demodulating 2.5 Gbaud/5 Gbaud QPSK has been
studied. By means of digital-analog hybrid PLL, the re-
quirements of bandwidth of PLL electronics and sampling
rate are reduced. The phase-error signal is extracted
by a fourth-power PLL. Through simulation and experi-
ments, we have optimized the loop natural frequency
under the non-negligible loop propagation delay. The re-
ceiving sensitivity reaches —37 dBm/—35 dBm at bit rate
of 2.5 Gbaud/5 Gbaud. By the LPCA, the accuracy of
phase lock and stability of the receiver are improved,
which is of great significance for the realization of
higher-speed, high-sensitivity coherent optical communi-
cation systems. Improved results can be easily obtained
by reducing the total loop delay and optimizing the per-
formance of the detector. They would relax the require-
ment for laser linewidth and reduce the steady-state
phase error of the PLL.
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