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a b s t r a c t

A novel photonic analog-to-digital conversion scheme using Mach-Zehnder modulators (MZMs) with
identical half-wave voltages and multiple comparators with improved bit resolution is proposed and
demonstrated. Compared with the scheme using MZMs with geometrically scaled half-wave voltages,
the proposed scheme has the advantage of using MZMs with identical half-wave voltages which simplify
significantly the implementation. The bit resolution is improved based on the use of multiple compara-
tors in each MZM channel, with the digital coding realized based on the symmetrical number system the-
ory. A proof-of-concept experiment is implemented. An analog-to-digital converter with a 4-bit
resolution using two MZMs and nine comparators is demonstrated.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Analog-to-digital converter (ADC) realized in the optical do-
main has been an attractive research topic for many years thanks
to the unique ability of ultra high speed sampling offered by the
state-of-the-art optical mode-locked lasers. By now, numerous ap-
proaches to realizing optical sampling and optical quantization
have been proposed and demonstrated [1]. A well-known architec-
ture for photonic ADC is the scheme proposed by Taylor, in which
an array of parallel Mach-Zehnder modulators (MZMs) are used
[2], with geometrically scaled half-wave voltages (Vp) realized by
controlling the electrode lengths of the MZMs. The major limita-
tion related to Taylor’s scheme is that the Vp of the MZM at the
least significant bit (LSB) should be very low, which is difficult to
realize using current waveguide technology. To avoid using MZMs
with very low Vp, an approach employing cascaded MZMs with
identical Vp was proposed [3,4].

Instead of using an array of MZMs, a photonic ADC can also be
realized using a single modulator. Recently, Stigwall et al. proposed
a photonic ADC with a free-space interferometric structure in
which a phase modulator is incorporated in one arm of the inter-
ferometer [5,6]. By placing an array of photodetectors (PDs) at
the specific locations of the diffraction pattern generated at the
output of the interferometer, digital data in the form of a linear
binary code are generated. A similar scheme was recently demon-
ll rights reserved.
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strated by Li et al., where the interferometric structure was real-
ized based on a fiber-optic platform, which makes the system
more compact [7]. More recently, we proposed a new scheme of
photonic ADC using MZMs with identical half-wave voltages [8].
The quantization and digital coding are achieved by properly bias-
ing the MZMs, with each MZM being connected to a comparator
with the threshold setting at half of the maximum voltage. A bin-
ary code representing the input analog signal is generated. Com-
pared with the Taylor’s scheme, the bit resolution achieved in [8]
is smaller. For an ADC using n MZMs, the bit resolution is log2

(2n); while in the Taylor’s scheme, the number of bit resolution
equals to the number of MZMs employed.

To increase the bit resolution without increasing the number of
MZMs, Pace et al. proposed to use multiple comparators with each
having a different threshold level [9]. The digital coding is achieved
based on the theory of symmetrical number system (SNS). It is
shown that by using multiple comparators with the SNS encoding,
a bit resolution greater than one for each channel (corresponding
to a MZM) can be obtained. To avoid the ambiguity problem, the
MZMs should have a small difference in Vp [9]. Therefore, the dif-
ficulty in implementing the MZMs with different Vp still exists.

In this paper, a novel scheme for photonic ADC using an array of
MZMs with identical Vp and multiple comparators for each channel
is presented. By setting the threshold values of the comparators
based on the SNS technique, an increased bit resolution is obtained.
To avoid the ambiguity problem, the MZMs are biased at different
bias points. This is the key advantage compared with the approach
by Pace et al. [9], where the MZMs are with different Vp, which
complicated significantly the system implementation. A photonic
ADC scheme with a 4-bit resolution using two MZMs and nine
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comparators is demonstrated in a proof-of-concept experiment.
The presented experimental results verify the effectiveness of the
proposed approach.

2. Operation principle

The schematic diagram of the proposed scheme is shown in
Fig. 1. It is an n channel ADC consisting of an array of n MZMs with
identical Vp and multiple comparators for each channel. The MZMs
are properly biased. The input analog signal to be digitized is ap-
plied to the MZMs via the RF ports. A mode-locked laser is used
to provide ultra-short pulse train. The output signal from each
MZM is split into multiple channels by an optical splitter with each
channel connected to a PD to perform optical-to-electrical conver-
sion. The electrical signal is then applied to the comparator with a
preset threshold to get a quantized output in the form of a ther-
mometer code [9]. A combining logic is employed to convert the
thermometer code to a required digital code.

The intensity of the output signal from a MZM is associated
with the input analog signal and the bias voltage which is ex-
pressed as

I0ðtÞ ¼
Ii

2
f1þ cos½usðtÞ þub�g; ð1Þ

where Ii is the input optical intensity, us(t) = pVs(t)/Vp is the phase
shift induced by the applied RF signal VS(t), and ub = pVb/Vp is the
phase shift induced by the applied bias voltage Vb. To get a uniform
quantization, the MZMs should be biased such that the transfer
functions are phase-shifted uniformly.

The coding scheme is based on the theory of SNS that utilizes a
positive integer modulus m [9,10]. For a given m, m comparators
are required for each MZM. With the output signal given by Eq.
(1), the preset threshold values for the comparators are given by

Tj ¼ cos2 p
2mVj

þ p
2
� p

4m

� �
; ð2Þ

where Vj e {1, 1/2, 1/3, 1/4,. . ., 1/(m � 1), 1/m}. For each comparator,
the output is ‘1’ if the input signal is greater than the preset thresh-
old and the output is ‘0’ if the input signal is smaller than the preset
threshold. The number of output ‘1’ in all channels can be used to
uniquely denote the input signal intensity. The coding based on
the number of output ‘1’ is called a thermometer code [9].

For an n-channel ADC shown in Fig. 1, n MZMs and n �m com-
parators are required, and the bias phase shift applied to each MZM
should be

uj
b ¼ �

jp
mðn� 1Þ �

p
16

ðj ¼ 0;1;2; . . . ;n� 1Þ: ð3Þ
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Fig. 1. An n-channel ADC using MZMs with identical half-wave voltages and
multiple comparators (PD: photodetector; COMP: comparator).
The number of quantization levels is M = 2m(n � 1), and the bit
resolution is given by NR = log2 [2m(n � 1)].

It can be simply deduced that to add 2m more quantization lev-
els it is required to add one more channel consisting of one MZM
and m comparators. To reduce the complexity of the system, the
scheme shown in Fig. 1 can be modified as follows. In the system,
one of the MZM channels with m comparators can be simplified to
have only one comparator, with the threshold set at half of the full
scale. Note that this one-threshold channel should have a bias
phase shift ub = �p/2, while the bias phase shifts of other channels
are still set according to Eq. (3). To ensure correct and unique coding,
the set of the bias phase shift value should be ub = �p/2, which
makes the normalized output I0 in the range of 0 < I0 < 0.5 for the
input signal phase shift range of �p < us < 0 and 0.5 < I0 < 1 for
0 < us < p, which can be clearly understood in the following exam-
ple. The number of the comparators in system can be reduced from
16 to 9 and the thermometer code obtained in this scheme can still
uniquely denote the intensity of the input signal, while keeping the
original bit resolution. Then the number of the comparators re-
quired in the system is reduced by m-1.

To demonstrate the concept more clearly, a simple example
with an ADC having a resolution NR = 4 and n = 2, m = 8 is consid-
ered. The first channel has 8 comparators with the threshold values
[0.0096 0.0843 0.2222 0.4025 0.5975 0.7778 0.9157 0.9904] deter-
mined by Eq. (2) and the second channel has one comparator with
a threshold set at half of the full scale. The bias phase shifts of the
two channels are �p/16 and �p/2, respectively. Fig. 2 shows the
transfer functions of the two MZMs, where the horizontal axis is
the phase shift induced by input RF signal and the vertical axis de-
notes the normalized intensity of the output optical signal. In the
figure, the eight thresholds for channel 1 are denoted by horizontal
dashed lines and the one threshold for channel 2 is denoted by the
horizontal solid line. For each phase shift value induced by the in-
put RF signal, the number of output ‘1’ for each channel can be cal-
culated by comparing the signal intensity with the preset
thresholds. The output code representing the number of output
‘1’ is just the thermometer code. The combination of the outputs
of the two channels, i.e., the thermometer codes, can be used to un-
iquely denote the input signal intensity, which is shown in Fig. 2.
Then the thermometer codes obtained are sent to a combination
logic circuit, to convert the thermometer code to a required digital
code, such as a binary code or a Gray code. The combination logic
can be designed using the Karnaugh map [11]. As shown in Fig. 2,
the combination of the two thermometer codes uniquely represent
the decimal values from 0 to 15, which means the number of quan-
tization levels is 16 and the bit resolution is 4.

3. Results and discussion

A proof-of-concept experiment with a 4-bit ADC is performed to
verify the proposed scheme. The experimental setup is shown in
Fig. 3. Due to the lack of a pulsed laser, a continuous-wave (CW)
LD is used in our proof-of-concept experiment. The sampling pro-
cess is implemented in an off-line mode with a computer program
being used to implement the functions of off-line sampling and
data processing. A CW laser diode (Yokogawa AQ2201) operating
at 1550 nm is used as a single mode optical source. The input opti-
cal power is 5 dBm. A 20-GHz JDS-Uniphase MZM driven by a 4-
GHz sinusoidal signal with power of 18 dBm generated by a signal
generator (Agilent E8254A) is applied to the MZM via the RF port. A
polarization controller (PC) is used to minimize the polarization-
dependent loss in the MZM. A 45-GHz PD (New Focus 1104) is used
to implement the optical-to-electrical conversion. A digital sam-
pling oscilloscope (Agilent DCA 86100C) is used to capture the
temporal waveforms, which is triggered by the signal generator.
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The half-wave voltage Vp of the MZM is 9.2 V. The captured wave-
forms corresponding to different channels are processed in the
computer in which the functions of sampling and coding are
implemented.

In the experiment, the bias phase shift at the MZM is controlled
by adjusting the applied bias voltage, with the waveforms mea-
sured for the bias voltages of Vb1 = �Vp/16 and Vb2 = �Vp/2. The re-
corded 2 traces (without averaging) that correspond to the two
bias phase shifts are shown in Fig. 4a. We then sample the recorded
signals in a program with a fixed time interval, to get discrete
intensity data. Then, the operation of quantization and coding is
performed by comparing the discrete data with the preset thresh-
olds. The eight thresholds for the first channel are 0.0180, 0.0167,
0.0158, 0.0118, 0.0089, 0.0054, and 0.0030 mV; and the one-
threshold for the second channel is 0.0116 mV. Then the coding
process as depicted in Fig. 2 is implemented in the program. The
results of the digitized signal and the fitted waveform are shown
in Fig. 4b. Fig. 4c shows the errors between the quantized and
the fitted signals. Based on the errors, the digital signal-to-noise ra-
tio (dSNR) is estimated to be around 215 (or 23.3 dB). Therefore,
the effective number of bits (ENOB) of the ADC is estimated to be
around 3.6 according to [1]

ENOB ¼ dSNRðdBÞ � 1:76
6:02

: ð4Þ

Since the ideal resolution is 4 bits, a deviation from the ideal
case is thus 0.4 bits. This degradation is owing to the noise in the
system, including the relative intensity noise of the laser source,
the shot noise and the thermal noise of the PD, and the instrument
noise.
PD Sampling 
oscilloscope

bias

LD
PC

Signal 
generator

trigger
signal 

in

Fig. 3. Experimental setup (LD: laser diode, PC: polarization controller, PD:
photodetector).
Since in our experiment, the sampling process is realized by
software emulation, in which an ideal sampling, i.e., no sampling
time jitter, is considered. Note that the deviation in the sampling
time originated from the pulsing temporal jitter in a mode-locked
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Fig. 4. Experiment results. (a) The measured two waveforms corresponding to two
bias phase shifts (#1: ub = �p/16, #2: ub = �p/2). (b) The digitized signal and the
fitted sinusoidal signal. (c) The errors between the quantized signal and the fitted
signal.
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Table 1
Number of MZMs and comparators required for realizing ADCs with different bit
resolution.

Bit resolution Number of MZMs Number of comparators

4-bit 2 9
5-bit 3 17
6-bit 5 33
n-bit 2n � 4 + 1 2n � 1 + 1
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laser would lead to the deviation in voltage amplitude, and thus
the ENOB degradation. Generally, the amplitude fluctuations dV
less than one-half quantization step can be tolerated, as

dVmax <
Vmax

2B ; ð5Þ

where B is the bit resolution of the system [9]. According to Eq. (5),
the allowed maximum fluctuation on the sampling jitter is given by

dtmax <
1

2Bþ1pfin

; ð6Þ

where a sinusoidal input signal with a frequency fin is assumed. For
a 4-bit system with a sinusoidal input signal with a frequency of
4 GHz as in our experiment, the allowed maximum fluctuation in
the sampling interval is dtmax = 0.25 ps.

To clarify the relationship between the sampling jitter and the
ENOB degradation, we use the Monte-Carlo method to simulate
the process. In the simulation, the overall sampling jitter is consid-
ered as a Gaussian distributed random variable, which has the
probability density function, given by

urðxÞ ¼
1

r
ffiffiffiffiffiffiffi
2p
p exp � x2

2r2

� �
; ð7Þ

where r is the standard deviation of the sampling jitter. In the sim-
ulation, the sinusoidal input signal is assumed and the sampling jit-
ter r is normalized to the period T of the input signal. Noise is not
considered in our simulation. Simulation results are shown in Fig. 5,
where the dots and the curve denote the simulation results and the
fitted results, respectively. It is shown that the ENOB degrades with
the increase of time jitter. In a system without time jitter, the ENOB
is near to the ideal bit resolution, four in this case. When the nor-
malized jitter increases to be 0.04, the ENOB decreases to be around
1.5.

A 4-bit ADC is demonstrated in our experiment. To increase the
bit resolution, more MZMs and comparators are required. An ADC
with any bit resolution can be obtained if the numbers of MZMs
and comparators are properly chosen with the bias phase shifts
properly set as discussed previously. Table 1 shows the required
numbers of MZMs and comparators for ADCs with different bit res-
olutions. Compared with the schemes in [2,9], the proposed
scheme requires more MZMs when the bit resolution NR > 6. This
is the major limitation of the proposed approach. However, an
ADC with a bit resolution 4–6 is sufficient for most applications
where a sampling rate above 1 GHz is required, such as in ad-
vanced radar systems and satellite communications systems [12].
The key advantage of the proposed scheme is that the ADC em-
ploys MZMs with identical half-wave voltages (i.e., identical elec-
trode lengths), which simplifies greatly the practical realization
compared with the schemes in [2,9].

As discussed earlier, the schemes in [3,4] also use optical mod-
ulators with identical half-wave voltages. Compared with the
schemes in [3,4] using cascaded modulators, however, the pro-
posed approach features a simpler system architecture with a par-
allel design, which eliminates the problems such as nonuniform
loss for the channels and the requirement for accurate synchroni-
zation between the electrical and the optical signals at the cascad-
ing modulators.

4. Conclusions

In this paper, a novel scheme to realize photonic ADC using
MZMs with identical Vp and multiple comparators was proposed
and demonstrated. Compared with the scheme using MZMs with
geometrically scaled Vp, the proposed approach has a major advan-
tage of using MZMs with identical half-wave voltages, which sim-
plify significantly the implementation. The bit resolution was
improved by using multiple comparators for each MZM channel
without increasing the number of MZMs. The digital coding was
realized based on the SNS technique. A proof-of-concept experi-
ment was implemented, where analog-to-digital conversion with
a 4-bit resolution using two MZMs and nine comparators was dem-
onstrated. The ENOB degradation induced by the sampling jitter
was numerically studied based on the Monte-Carlo simulation.
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