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This Letter demonstrates the effectiveness of a high-speed high-resolution photonic analog-to-digital converter
(PADC) for wideband signal detection. The PADC system is seeded by a high-speed actively mode locked laser,
and the sampling rate is multiplied via a time-wavelength interleaving scheme. According to the laboratory test,
an X-band linear frequency modulation signal is detected and digitized by the PADC system. The channel
mismatch effect in wideband signal detection is compensated via an algorithm based on a short-time Fourier
transform. Consequently, the signal-to-distortion ratio (SDR) of the wideband signal detection is enhanced to
the comparable SDR of the single-tone signal detection.
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In modern radar systems, wideband signals are extensively
used to achieve a high resolution of the target detection.
However, the wide bandwidth brings big challenges for
analog-to-digital converters (ADCs) in the reception of
signals[1]. The state-of-the-art electronic ADCs provide
an instantaneous bandwidth of ∼2 GHz and a timing
accuracy of ∼100 fs[2,3]. Further improvement is limited
by the timing accuracy and analog bandwidth. Fortu-
nately, the photonic ADC (PADC) has been proposed
to break the limitation of electronic ADCs[4,5]. In the
PADC systems, the ultra-stable mode-locked lasers
(MLLs) are used to generate sampling clocks with low
timing jitters, and the photonic-modulator-based sam-
pling gates enlarge the bandwidth of the analog input
effectively[6]. Juodawlkis et al. presented a 60 MS∕s down-
sampling of an X-band linear frequency modulation
(LFM) signal[7]. Ghelfi et al. demonstrated the reception
of X-band and Kα-band LFM signals via a 400 MS∕s
down-sampling in a coherent photonic radar, providing
a resolution of 150 m in distance and 2 km∕h in velocity
in the X-band[8]. However, due to the low repetition rate of
the passively MLL (PMLL), the effective sampling rate of
the PADC is limited to be low, which cannot fully exploit
the large spectral range of the high-frequency carrier. It
is worth mentioning that the time-stretched PADC
scheme is an effective method to achieve an ultrahigh
equivalent sampling rate by use of a low-repetition-rate
MLL source[9,10]. Most recently, we implemented a pho-
tonic transceiver for wideband radar based on the time-
stretched PADC scheme[11]. However, these schemes suffer
from the limited-time aperture in the single-shot mode[9].
Moreover, with verified effectiveness in the applications,
such as spectrum sensing and radar imaging[12,13], the pho-
tonic processing of the wideband signal is drawing more
and more attention in related fields.

In order to further enhance the sampling rate for a
larger input bandwidth, we have demonstrated the gener-
ation of a high-speed sampling clock and a high-speed
time-wavelength interleaving PADC (TWI-PADC) sys-
tem based on an actively MLL (AMLL)[14–16]. So far, the
methods used for resolution evaluation and mismatch
compensation in the high-speed TWI-PADC system are
only verified with the single-tone input signal. To meet
the requirements in a practical radar system, these meth-
ods should be further tested with wideband input signals,
especially the LFM signals that are the most commonly
used radar waveform.

In this Letter, a wideband LFM signal with a frequency
range of 8–12 GHz is detected and then digitized by an
AMLL-based TWI-PADC with a 40 GS∕s sampling rate.
Since the signal reception in TWI-PADC always suffers
from channel mismatch induced distortion, a theoretical
model of signal-to-distortion ratio (SDR) for a wideband
LFM signal is derived to evaluate the channel mismatch
effects based on the short-time Fourier transform (STFT)
of the digitized data. Consequently, the SDR of the digi-
tization data is enhanced from 37 to 52 dB after hardware
adjustment and algorithmic compensation.

The experimental configuration of the TWI-PADC
system is illustrated in Fig. 1(a). An AMLL (Calmar
PSL-10-TT) seeded by an electronic synthesizer (Keysight
E8257D) at 10 GHz serves as the laser source. After being
spectrally broadened by a pulse compressor (Calmar
PCS-2), its output is multiplexed by a four-channel
TWI multiplexer (TWI-MUX), so as to four-fold enhance
the photonic sampling clock (from 10 to 40 GHz)[14]. Lim-
ited by the optical spectral bandwidth of the AMLL and
pulse compressor, to guarantee the optical powers in each
channel, the number of channels is difficult to be further
added. However, thanks to the high repetition rate of the
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AMLL, the high sampling rate of 40 GS∕s is realized by
four channels, and a lower-complexity configuration is
maintained if compared with the PMLL-based PADC
system[7,8]. In Ref. [15], the feasibility of the TWI-MUX-
based configuration for the single-tone signal with
40 GS∕s sampling rate has been demonstrated. In order
to verify the ability of the wideband signal detection,
an LFM signal is generated by an arbitrary waveform
generator (AWG, Keysight M8195A) working with the
digital-to-analog conversion rate of 64 GS∕s. The pho-
tonic sampling gate is implemented by modulating the
LFM signal on the photonic sampling clock via a
Mach–Zehnder modulator (MZM, Photoline MXIQ-
LN-40) with an input radio frequency (RF) bandwidth
of 40 GHz. The photonic sampled signal is divided into
four parallel channels by a wavelength demultiplexer
(DEMUX). The parallelized photonic signal is converted
into the electronic signal via a photodetector (PD, Discov-
ery DSC-R401HG-59) array and then digitized by a four-
channel real-time oscilloscope (Keysight MSOS804A)
with the sampling rate of 10 GS∕s and analog bandwidth
of ∼4.2 GHz for each channel. Figure 1(b) depicts the
relation between the analog input frequency and aliased
frequency in one channel. It indicates that an X-band sig-
nal with the frequency range of 8–12 GHz is aliased within
a 2 GHz bandwidth in each channel.
The LFM signal to be sampled is expressed by

vINðtÞ ¼ V 0rect
�
t
T

�
sinð2πf 0t þ πKt2Þ; (1)

where V 0 is the amplitude of the LFM signal, rectf·g is
the rectangular pulse envelope, T is the duration of the
LFM envelope pulse, f 0 is the start frequency, and K is
the LFM chirp rate. The frequency sweeping range
is set to be 8–12 GHz, and the parameters of the
LFM signal are set to be T ¼ 1 μs, f 0 ¼ 8 GHz, and

K ¼ 4 × 106 GHz∕s. The amplitude is manipulated ac-
cording to the optimization of modulation index[16].
Simulated results of the X-band LFM signal are illustrated
in Fig. 2. The temporal waveform of the generated LFM
signal is depicted in Fig. 2(a), and its STFT spectrum is
given in Fig. 2(b).

The wideband signal detection is characterized in the
frequency domain. The input and output microwave re-
sponse of the PADC system is measured and illustrated
in Fig. 3(a). All of these responses are measured via a
network analyzer (Agilent PNA-X N5245A) and an RF
spectral analyzer (R&S FSUP 50). The input microwave
response is determined by the output response of the
AWG, and the output microwave response is decided
by the cascaded response of the MZM, PD, and oscillo-
scope. It indicates the capability of the PADC in the de-
tection of the wideband LFM signal shown in Fig. 2. In
Fig. 3(b), a comparison between the fast Fourier trans-
form (FFT) spectra of the digitized data and the theoreti-
cal simulation is depicted. It is found that there are slight
fluctuations in magnitude induced by the non-uniformity
of the microwave response [see Fig. 3(a)]. Moreover, it
should be noted that there are two spectral notches at
the frequencies of 5 and 15 GHz, which are induced by
the limited bandwidth of the oscilloscope used in
this study.

Based on the theory in Ref. [15], the channel mismatch
induced distortions of the 8–12 GHz LFM signal should be
located in the frequency range of 0–2 GHz, 8–12 GHz, and
18–20 GHz, respectively. From the spectral comparison in
Fig. 3(b), one can find that the channel mismatch induced
distortions at 0–2 GHz and 18–20 GHz are distinguished.
However, the mismatch distortions at 8–12 GHz are

Fig. 1. (a) Experimental configuration of photonic analog-
to-digital conversion for X-band wideband signal detection.
(b) Schematic of the relation between the wideband input signal
and the aliased frequency in each channel. AMLL, actively
mode locked laser; TWI-MUX, time-wavelength interleaving
multiplexer; MZM, Mach–Zehnder modulator; DEMUX,
demultiplexer; AWG, arbitrary waveform generator; PD, photo-
detector; ADC, analog-to-digital converter.

Fig. 2. Simulated results of the X-band linear frequency modu-
lation signal. (a) Temporal waveform. (b) Normalized short-time
Fourier transform of the waveform in (a).
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overlapped with the signal in the FFT spectrum, which
brings in an obstacle toward the spectral analysis for res-
olution evaluation. Considering the characteristics of the
LFM signal, the STFT could provide its instantaneous
spectrum changing with time, which can be considered
as a series of spectra of single-tone signals at different
frequencies[17]. Hence, the STFT together with the channel
mismatch compensation algorithm proposed in Ref. [15] is
possible for developing a compensation algorithm for the
detection of the wideband LFM signal.
The working principle of this compensation algorithm is

illustrated in Fig. 4. First, the data in each channel is in-
terleaved in sequence. Second, the interleaved data is
transformed into the STFT spectrum S ½f ; t� with
0 < f < f s∕2, where f s is the sampling rate. Meanwhile,
the data in each channel is also transformed into the
STFT spectrum (Sn½f ; t�), where 0 < f < f s∕ð2N Þ, and
N is the number of channels. At a specific time of τ,
the STFT spectrum S ½f ; τ� can be regarded as an FFT
spectrum of a single-tone signal with the instantaneous
frequency of f INðτÞ. Third, according to the compensation
algorithm for the single-tone signal demonstrated in

Ref. [15], the channel mismatches of the amplitude (an)
and time skew (Δtn) in the nth channel (n ¼ 1; 2;…;N)
can be extracted from the spectral peaks on S ½f ; τ� as
follows:

an ¼
����
XN
k¼1

Pkej
2πðk−1Þðn−1Þ

N

����; Δtn ¼
1
f IN

arg
�XN
k¼1

Pkej
2πðk−1Þðn−1Þ

N

�
;

(2)

where f IN ¼ f INðτÞ and Pk represents the complex spectral
peak value at the frequency of f ¼ ðk − 1Þf s∕N � f IN.
Consequently, the STFT spectrum in each channel can
be compensated in both amplitude and timing, which is
given by

S�
n½f ; t� ¼

ā
an

e−j2πf INðtÞΔtn Sn½f ; t�; n ¼ 1; 2; � � � ;N ; (3)

where ā is the mean value of the amplitudes in all chan-
nels. Eq. (3) shows that the STFT spectrum Sn½f ; t� is
compensated into S�

n½f ; t�. After the STFT spectrum in
each channel is compensated, the digitized data can be
achieved by an inverse STFT[17] and reconstructed via
the channel interleaving.

The normalized STFT spectra of the X-band LFM sig-
nal before and after channel mismatch compensation are
compared in Figs. 5(a) and 5(b). The compensation algo-
rithm given in Eq. (3) is applied to the profiles of the origi-
nal STFT spectrum after the channel mismatches
defined in Eq. (2) are evaluated for one specific frequency.

Fig. 3. (a) Normalized input and output microwave response
of the PADC system. (b) Normalized FFT spectrum of the
digitized data compared with the theoretical simulation and
the effective microwave response.

Fig. 4. Working principle of the channel mismatch compensa-
tion algorithm for the wideband signal. TWI, time-wavelength
interleaving; STFT, short-time Fourier transform.

Fig. 5. Experimental results. Normalized STFT spectra of the
digitized LFM signal (a) before and (b) after mismatch
compensation.
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After the compensation algorithm is applied to Fig. 5(a),
the channel mismatch distortions are effectively elimi-
nated, as shown in Fig. 5(b). From Fig. 5, it can be found
that two spectral notches appear at the same positions
(5 and 15 GHz), as shown in Fig. 3(b). Although the noise
floor in the STFT is ∼− 60 dB, the amplitude in the
notches reaches below −80 dB due to the steep cutoff
of the input response of the oscilloscope. Two instantane-
ous STFT spectra at the instantaneous frequencies of 9
and 11 GHz are plotted in Figs. 6(a) and 6(b), respec-
tively. It can be found that the instantaneous STFT
spectra of the LFM signal are similar to the spectra of
single-tone signals. The comparison before and after the
compensation is also depicted in Fig. 6. One can find that
the mismatch distortions (i.e., 1, 11, 19 GHz at 9 GHz and
1, 9, 19 GHz at 11 GHz) are effectively eliminated. How-
ever, there is still the residual distortion (i.e. 13 GHz at
9 GHz and 7 GHz at 11 GHz), which is induced by the
nonlinearity of the MZM. By use of a dual-output
MZM[16], the nonlinearity of the MZM for the wideband
signal detection is possibly eliminated.
In principle, the resolution of the PADC system should

be evaluated via the signal-to-noise-and-distortion ratio
(SINAD), which is a combination of the signal-to-noise ra-
tio (SNR) and the SDR. In Ref. [15], the SNR and SDR in
the PADC induced by both photonic and electronic com-
ponents were analyzed and modeled. However, the AWG
that generates the wideband signal has a noise level higher
than that of the PADC system[18], which dominates both
the photonic and electronic noise in the PADC system[15].
Hence, the SNR is inappropriate to evaluate the resolution
of the PADC system for wideband signal detection. Here,
we characterize the wideband signal detection in term of
the SDR. The SDR in PADC for single-tone input can be
expressed as[15]

SDR½f � ¼ −20 log
����������������������������������������
4π2f 2σ2t þ σ2a þ δ2M

q
; (4)

where f is the input frequency, and σa and σt are the stan-
dard deviation of amplitude and time skew in each chan-
nel, respectively. δM denotes the distortion induced by the
modulation nonlinearity. Referred to Eq. (4), the SDR for
the LFM signal can be calculated by

SDRLFM ¼ −20 log
�X

f

S ½f �10−SDR½f �
10 ∕

X
f

S ½f �
	
; (5)

where S ½f � is the power of the STFT spectrum at f , and the
summation is carried out in the sweeping bandwidth of the
LFM signal.

The characterized SDR for different channel mis-
matches is depicted in Fig. 7. The experimental values
are calculated from the STFT spectra and compared with
the theoretical estimation according to Eqs. (2) and (3).
Figure 7(a) illustrates the channel match accuracy, where
the contours denote the theoretical estimation. The hard-
ware adjustments are optimized by tuning the delays and
amplitudes in each channel of the TWI-MUX, as shown in
Ref. [15]. The channel mismatch compensation algorithm
is employed after the hardware optimization. Figure 7(a)
shows that the SDR is first enhanced by the hardware
adjustment and then by the algorithmic compensation.

Fig. 6. Comparison between the instantaneous STFT spectra
before and after channel mismatch compensation at the instan-
taneous frequencies of (a) 9 GHz and (b) 11 GHz.

Fig. 7. Characterized signal-to-distortion ratio (SDR) for differ-
ent channel mismatches. (a) Channel mismatches after hardware
adjustments and algorithmic compensation. (b) SDR measured
from STFT spectra (dashed curve) and from the instantaneous
spectrum at one specific frequency (dotted curve with symbols)
after each step adjustment.
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According to Eq. (5), the SDR of the STFT spectra for
both the LFM signal and single-tone signal at one specific
frequency in the sweeping range are evaluated. From
Fig. 7(b), it can be found that SDR increases from 21
to 37 dB after the hardware adjustments and is further
enhanced from 37 to 52 dB after the channel mismatch
compensation. Note that the SDR of the LFM signal is
well consistent with that of the equivalent single-tone
signal.
In conclusion, we have demonstrated the digitization

of an X-band LFM signal with the frequency range of
8–12 GHz via a four-channel 40 GS∕s AMLL based
TWI-PADC. With the STFT, the compensation algo-
rithm of the TWI-PADC that was adapted for the
single-tone signal detection can be effectively applied to
the wideband signal detection. The SDR for the wideband
signal detection is derived and evaluated to be ∼52 dB. It
is verified that the TWI-PADC is feasible for detecting the
wideband signal with good performance (i.e., the sampling
rate of 40 GS∕s, the instantaneous bandwidth of 4 GHz at
the X-band, and the SDR of ∼52 dB), which may find
potential applications for wideband radar reception.

This work was partially supported by the National
Natural Science Foundation of China (Nos. 61571292
and 61535006).
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