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This Letter demonstrates the application of dual-output modulation in a photonic analog-to-digital converter
(PADC) with a high sampling rate and resolution. The PADC is time-wavelength interleaved and based on an
actively mode-locked laser. According to theoretical analysis, the dual-output PADC system shows a better
linearity for achieving a higher dynamic range. In the experiment, third-order distortion is significantly sup-
pressed by ∼40 dB when the dual-output modulator is used and the effective number of bits of the PADC
has reached 9.0 bits below 0.2 GHz and 6.4 bits at 6.1 GHz in our PADC with a sampling rate of 20 GS/s.

OCIS codes: 060.5625, 230.0250, 250.4745, 140.4050.
doi: 10.3788/COL201614.030602.

Analog-to-digital converters (ADCs) have been playing
an important role in radar, communication systems, and
many other fields. The demand of anADCwith a high sam-
pling rate and high resolution is rather intense.While great
progress has been made in the field of electronic ADC
(EADC), the performance of EADC is still limited by
the timing jitter of electronic clocks[1,2]. Photonic ADC
(PADC) has advantages of higher stability and lower tim-
ing jitter, which can essentially improve the performance of
ADC and overcome the bottleneck of EADC[3–6]. In order to
achieve a compact and practical PADC, electronic-optical
integration technology has been partially demonstrated
although the sampling rate in the integrated photonic
PADC is still low due to the limited channels[7,8]. A PADC
can be realized by either an actively mode-locked laser
(AMLL)[9] or a passively mode-locked laser (PMLL)[10–12].
In comparison, the repetition of the AMLL reaches several
GHz and can be easily changed by the external radio fre-
quency (RF) signal. Moreover, the timing jitter of the
AMLL can also reach the order of ∼fs[13]. Time-division de-
multiplexing[14] and time-wavelength interleaving[15,16]

schemes are effective ways to achieve a high-sampling-rate
PADC based on an AMLL. A PADC based on an AMLL
with a time-wavelength interleaving scheme[15,16] achieves a
higher sampling rate and shows better stability. The input
RF signal is usually sampled via an electro-optic intensity
modulator (EOM), but its inherent sinusoidal transfer
function induces nonlinearity in the PADC. When
operating at a large modulation index, a higher odd-order
distortion appears and degrades the dynamic range[17].
Dual-output modulation and arcsine operation has been
used to suppress the third-order distortion in a PADC
based on PMLL[18] or in a single-channel PADC based on

an AMLL[19]. However, the effectiveness has not been dem-
onstrated in a time-wavelength interleaved PADC based
on an AMLL.

In this Letter, the dual-output modulation method in a
time-wavelength interleaved PADC based on an AMLL
with a high resolution is analyzed theoretically and verified
experimentally.Ahigh sampling rate of 20GS/s is achieved
by adopting a 2-parallel-channel time-wavelength inter-
leaved PADC based on a 10 GHz AMLL.

The architecture of a time-wavelength interleaved
PADC based on dual-output modulation is shown in
Fig. 1(a). The optical pulse from an AMLL (Calmar PSL-
10-TT) has a repetition rate of 10 GHz, and its spectrum is
broadened by a pulse compressor (Calmar PCS-2). As
shown in Fig. 1(b), the sampling rate of the optical pulse
train is N times multiplied via the time-wavelength inter-
leaving method. The broadened spectrum is sliced into
N channels by a 1 × N wavelength-division multiplexer
(WDM). Precise adjustment of the tunable delay line
(TDL) and the variable optical attenuator (VOA) in each
channel is able to achieve a time-wavelength interleaved
optical sampling clock with a sampling rate multiplied
by N times when all channels are reflected back by a Fara-
day rotator mirror (FRM) and combined via the WDM[16].
The sampling clock is amplified by an erbium-doped fiber
amplifier (Calmar AMP-ST18). A dual-output Mach–
Zehnder EOM (EOSPACE AZ-1X2-AV5-40-PFA-SFA)
is employed to implement the sampling process. The
quantization and data acquisition process is described in
Fig. 1(c). The differential sampled signal is separated into
2N parallel channels via two WDMs. The optical signal in
all channels turns into an electronic signal via a photo-
detector (PD) array and then is digitized by an EADC
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(Keysight DSOS804A). Finally, the RF signal is
recovered by digital calibration and processing.
The ideal sampling clock of a PADC is described as

pðtÞ ¼ P0

Xþ∞

m¼−∞
δðt −mTsÞ; (1)

where P0 is the amplitude of the optical sampling clock
and Ts ¼ 1∕f s is the period of the optical clock.
For a dual-output modulator, the transfer function for

one arm TM ;1 and the other TM ;2 can be expressed by

TM ;1ðVM Þ ¼ 1
2
þ 1
2
cos

�
π

V π
ðVM þ VB;1Þ

�
;

VB;1 ¼ −
V π

2
; (2)

TM ;2ðVM Þ ¼ 1
2
þ 1
2
cos

�
π

V π
ðVM þ VB;2Þ

�
;

VB;2 ¼
V π

2
; (3)

where V π is the half-wave voltage of the modulator and
VM ðtÞ ¼ V 0 cos ΩMt denotes the input RF signal with
frequency f M and amplitude V 0. It is worth noting
that the transmittance for a single-output modulator is
expressed by Eq. (2).
The equivalent transmittance of the dual-output modu-

lator is described as

TM ðVM Þ ¼ arcsin
�
TM ;1 − TM ;2

TM ;1 þ TM ;2

�

¼ arcsin
�
sin

�
πVM

V π

��
: (4)

From Eq. (2), we can get the signal modulated by a single-
output modulator as

pmðtÞ ¼
1
2
þ

X∞
m¼0

ð−1ÞmJ2mþ1ðMÞ cos½ð2m − 1ÞΩMt�; (5)

where M ¼ πV 0∕V π denotes the modulation index
and Jnð·Þ is the nth-order Bessel function. It is shown
in Eq. (5) that the nonlinearity of a single-output modu-
lator induces higher odd-order harmonics of the input
frequency.

Assume that the bandwidth of the PD is large enough.
In this case, after detection, the sampled optical signal is
demonstrated by

psðtÞ ¼ GRPDpmðtÞ; (6)

where G is the gain (or loss) of the converted electrical
signal and RPD is the responsivity of the PD.

Finally, the process of quantization can be described in
mathematics as follows:

pQ½k� ¼ psðkTsÞ: (7)

Equation (7) can be expanded as

pQ½k� ¼ GRPDP0

�
1
2
þ

X∞
m¼0

ð−1ÞmJ2mþ1

�
πV 0

V π

�

× cos½ð2m − 1ÞkΩMTs�
�
: (8)

As demonstrated in Eq. (8), the distortion induced by a
modulator results in the high-order harmonics into the in-
put RF signal. Hence, the nonlinearity of the modulator
can be characterized by the distortion-signal power ratio
(δPADC), which is defined by

δPADC ¼ Phigh−order hamonics

Psignal
; (9)

where Phigh−order hamonics is the power of the higher-order
harmonics and Psignal is the signal power.

According to the theoretical model, the signal-to-noise-
and-distortion (SINAD) for the single-output modulator
is demonstrated by

SINAD ¼ 10 log
σ2a
2μ þ ð1þ γ2Þ

σ2a
2μ þ 4π2ðf M∕f SÞ2σ2t þ γ2

; (10)

where μ ¼ J 1ðMÞ and γ ¼ J3ðMÞ∕J1ðMÞ, σa (σt) is repre-
sentative of the root mean square of the amplitude (clock

Fig. 1. (a) Experimental configuration of the PADC, (b) sche-
matic of time-wavelength interleaving, and (c) schematic of
parallel quantization and data acquisition.
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timing) mismatch, and f s is the sampling rate of the
PADC. For the SINAD with a dual-output modulation,
the nonlinearity is cancelled and the parameters in
Eq. (10) become μ ¼ M∕2 and γ ¼ 0.
According to the IEEE standard for the terminology

and test methods for ADCs[20], the effective number of bits
(ENOB) can be derived from

ENOB ¼ SINAD− 1.76
6.02

: (11)

The simulated transmittance of the dual-output and
single-output modulation based on Eqs. (2) and (9) is de-
picted in Fig. 2(a). The distortion-signal power ratio
(δPADC) calculated by Fourier transform is plotted in
Fig. 2(b) as a function of the modulation index (M). From
Fig. 2(a) and 2(b), one can see that the linear region of the
transmittance (i.e., the dynamic range) of the dual-output
modulator is significantly increased.
In order to estimate the spurious free dynamic range

(SFDR) of the modulator, we sample a 3.1 GHz single-
tone RF signal and set M ¼ 0.5 to artificially worsen the
third-order distortion. In the experiment, a 1 × 2 WDM is
employed as an example to obtain a PADCwith a 20 GS/s
sampling rate. The experimental time domain signal and
the spectra for single-output and dual-output modulations
are described in Figs. 3 and 4, respectively. Although the
difference in time domain (see Fig. 3) is indistinct, the con-
trast in frequency domain (see Fig. 4) is clear. As depicted

in Fig. 4(a), the spectrum is composed of a 3.1 GHz signal,
interleaving distortion, and third-order distortion. In
comparison, Fig. 4(b) illustrates that the third-order dis-
tortion is significantly suppressed by ∼40 dB when the
dual-output modulator is used.

It is worth noting that interleaving distortion has been
reduced to a relatively low level by employing the channel-
mismatching analysis model[21] and tuning of the TDL and
VOA in the PADC system. Interleaving distortion arises
at f ¼ kf s∕N �ð2m−1Þf mðk¼ 1;2;…N −1;m¼ 1;2;3…Þ
due to the amplitude and timing mismatches in each
channel, where N is the number of time-wavelength
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Fig. 2. Simulation results. (a) Transmittance of dual-output and
single-output modulation and (b) noise-signal power ratio versus
modulation index.

Fig. 3. Experimental time-domain signal for (a) single-output
modulation and (b) dual-output modulation.
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Fig. 4. Experimental spectrum for (a) single-output modulation
and (b) dual-output modulation.
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interleaved channels and f m is the input RF frequency.
The amplitude and timing mismatches of an¼
jp0þp1ejπðn−1Þj and Δtn ¼ 1

ΩM
arg½p0þp1ejπðn−1Þ�ðn¼ 1;2Þ,

where p0 is the recovered RF signal and p1 represents
the component at f ¼ f s∕2− f m, are deduced from the
power spectra in Fig. 4. Later, the amplitude and timing
mismatches are properly tuned by the VOA and TDL in
each channel, respectively.
The achieved ENOB for the PADC based on single-

output and dual-output modulations are illustrated in
Fig. 5, respectively. The contours are calculated according
to the theoretical model as described by Eqs. (10) and
(11). The marked values represent the experimental re-
sults, which agree well with the theoretical results. When
operating at a small M, there is almost no difference
between single-output and dual-output modulations,
while for large M dual-output modulation shows a signifi-
cant advantage over single-output modulation because of
its better linearity and larger SFDR (see Fig. 2). The
highest ENOB in Fig. 5(a) is limited to 7 bits due to
the harmonic order distortions caused by single-output
modulator. As depicted in Fig. 5(b), dual-output

modulation breaks this limitation and reaches 9 bits.
For instance, for the input RF frequency of 0.2 GHz,
the ENOB is 9 bits for dual-output modulation while only
6.3 bits for single-output modulation. Even for high RF
frequency of 6.1 GHz, the ENOB is 6.4 bits for dual-output
modulation while only 5.8 bits for single-output
modulation.

In conclusion, we demonstrate that dual-output
modulation can effectively suppress higher odd-order
distortions and improve the performance of the time-
wavelength interleaved PADC based on AMLL. In the ex-
periment, a 1 × 2WDM is employed here as an example to
accomplish a 20 GS/s PADC based on a 10 GHz AMLL.
The third-order distortion is suppressed by ∼40 dB. The
ENOB in the PADC reached 9.0 bits below 0.2 GHz and
6.4 bits at 6.1 GHz. Furthermore, the dual-output modu-
lation method for a PADC with more interleaved channels
and a higher repetition rate is now under investigation.
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