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A resolution-improvement scheme of a phase-shifted analog-to-digital converter (ADC) is presented and
experimentally demonstrated. To improve resolution via the scheme, the optical output of each quanti-
zation channel is quantized by an electrical ADC with multiple thresholds instead of a comparator. A
9.9-GHz sinusoidal analog signal is sampled and quantized using the proposed enhancement scheme. The
effective number of bits of 4.31 and the spur-free dynamic range of 40.89 dB are obtained, thus indicating

an improvement of 0.66 bits and 7.47 dB, respectively.

OCIS codes: 230.0250, 060.2360, 200.4560.
doi: 10.3788/COL201311.082301.

A high-speed, high-resolution analog-to-digital converter
(ADC) has an extensive range of application in high-
speed signal processing and optical communications.
A conventional electrical ADC has difficulty achieving
high-resolution, ultra-wide bandwidth analog-to-digital
conversions because of aperture jitter!*. Ultra-short and
ultra-stable optical sampling pulses with high repeti-
tion rates have become available through the develop-
ment of mode-locked technology and optical time inter-
leaving, thus creating a potential means for achieving
high-resolution, ultra-wide bandwidth analog-to-digital
conversions!??.  An all-optical ADC based on polar-
ization interference and phase-shifted optical quantiza-
tion (PSOQ) is among the ultra-wide bandwidth optical
ADCs! that focus on implementing high sampling rates
and wide bandwidthsl®>%l. In PSOQ, the resolution of
loga(2N) can be achieved by N quantization channels;
hence, 16 channels are required for a 5-bit resolution!®.
This requirement makes the scheme complicated, and
thus, achieving higher resolution is difficult. How-
ever, several high-resolution encoding schemes have been
proposed, including multi-threshold comparators!! %11,
Such encoding schemes require a huge number of com-
parators, which is difficult to obtain in practice. The use
of the optical multi-period transfer functions of nonlinear
optical loop mirrors to enhance the resolution of electri-
cal ADCs is recently presented in Ref. [12]. In this let-
ter, we propose an optical ADC resolution-improvement
scheme by using electrical ADCs. High-speed (more
than 40 Gs/s) and low-resolution (less than 4 bits) elec-
trical ADCs are available[!3], thus we can use such ADCs
instead of multi-threshold comparators to improve the
resolution of optical ADCs based on PSOQ.

The operating principle of the resolution-enhancement
scheme is described and experimentally demonstrated in
this letter. Three kinds of low-resolution, ideal, electrical
ADCs are used in the experiment to improve the reso-
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lution of PSOQ. A 9.9-GHz sinusoidal electrical analog
signal is sampled and quantized using the resolution-
enhanced ADC. The result indicates that the effective
number of bits (ENOB) is 4.31 and the spur-free dynamic
range (SFDR) is 40.89 dB.

Figure 1 presents an N-channel PSOQ with resolution
enhancement. The two polarized states of the sampling
pulse are aligned with the x or y axis of the polariza-
tion modulator (PolM) by a 45° polarizer. The phase
differences between two orthogonal polarization com-
ponents are modified linearly with the amplitude of the
input signal. The output pulses of the PolM are split into
N channels. Each quantization channel has a transfer
function with an extra phase shift of (i — 1) /N provided
by a phase shift module (PSM), where ¢ is the number of
channels. The polarization interference of the two states
occurs in a polarization beam splitter (PBS). The output
optical signal is detected by a photodetector (PD) with
a bandwidth of 50 GHz.

In a conventional PSOQ, the output of the PDs are
the threshold decisions of a comparator array, and the
resolution of logz2(2N) can be obtained using this en-
coding scheme. We use a two-channel PSOQ scheme to
clarify the principle of resolution enhancement. Figure
2(a) illustrates the transfer function of a two-channel
PSOQ), and the phase difference between the two chan-
nels is /2. To improve the resolution of the two-channel
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Fig. 1. Resolution-enhancement scheme based on PSOQ.
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scheme, we use an M-bit electrical ADC array instead of
a comparator array to quantize the output of the PDs.
Figure 2(b) shows the corresponding transfer function,
supposing M=3. In the figure, the sinusoidal transfer
curve of each channel is quantized into eight levels by
the 3-bit ADC. The output of the 3-bit ADC is shown in
Fig. 2(b). The total number of quantization levels is 28
when we combine the output codes of the two channels.
The number of quantization levels is increased compared
with the conventional two-channel PSOQ (four-level).
The resolution Np is less than logs(28), which is equal to
4.46 bits, in the proposed resolution-enhancement scheme
because the transfer function of the scheme is not linear.
For a common case, the quantization level is 2N (2 —1)
and the calculated resolution of a PSOQ with enhance-
ment is shown in Fig. 3. The figure indicates that
resolution Ny is generally less than loga[2N(2M — 1)].
When M >2, resolution is increased using an M-bit elec-
trical ADC array. However, the increase caused by the
enhancement scheme is not linear because of nonlinear
quantization. In Fig. 3, the PSOQ with the resolution
enhancement of M=3 is found to be lower than the PSOQ
with the resolution enhancement of M =2 in several cases
because of nonlinear quantization noise. The relationship
between the signal-to-noise ratio (SNR) of the PD and
that of the system is shown in Fig. 4. The noise of the
system is modeled by a normal distribution noise in the
simulation, and the density function is given as

fz) = e 37, (1)

ovV2r

where o is the standard deviation which can be evaluated
by the SNR of the PD. According to the noise distribu-
tion, the SNR of the system can be calculated using the
Monte Carlo simulation™. Figure 4 shows that in the
case of high-detection SNR, the SNR of the 8-channel
PSOQ with 3-bit electrical ADC enhancement (dashed-
and-dotted line) is higher than that of the 32-channel
PSOQ without enhancement (solid line). However, sev-
eral steps are extremely small in nonlinear quantization,
which is more prone to discriminated into other quan-
tization steps. Therefore, the SNR of the enhancement
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Fig. 2. Transfer functions of the two-channel PSOQ: (a)

conventional encoding scheme with comparator and (b)
resolution-enhancement encoding scheme with 3-bit ideal
ADC. The dashed line represents the threshold.
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Fig. 4. SNR of the system as a function of the SNR of the
detector.

is degraded faster upon detection compared with the
SNR of the PSOQ without enhancement. To obtain a
better ENOB using the proposed resolution-enhancement
scheme, we should first ensure the detection of the SNR.

The presented resolution-enhancement scheme is ex-
perimentally demonstrated by a four-channel and an
eight-channel PSOQ schemes. The experimental setup is
shown in Fig. 1. In the experiment, the sampling pulse is
generated by a 10-GHz mode-locked fiber ring laser, and
the pulse width is set to 1.5 ps. A sinusoidal wave signal
with a frequency of 9.9 GHz is undersampled. The eight
temporal profiles at the phase shifts of 0, 7/8, 27/8, - - -,
7w /8 are obtained by adjusting the fiber squeezer, and
captured by using a real-time oscilloscope (DSA91304A
Agilent, USA).

The eight temporal profiles are composed of an eight-
channel PSOQ, and the four-channel PSOQ makes up
the four temporal profiles at the phase shifts of 0, 27/8,
47/8, and 67/8. We use 1-bit, 2-bit, and 3-bit ideal
ADCs to enhance the resolution of both the four-channel
and eight-channel PSOQs. The enhancements are con-
ducted offline. The ENOB of the resolution-enhanced
ADC can be calculated from the SNR and distortion ratio
of the reconstructed signall!l. Figure 5(a) illustrates the
calculated ENOB of the enhanced PSOQ using electrical
ADCs with different resolutions, whereas Fig. 5(b) pro-
vides the corresponding SFDR of the fast Fourier trans-
form (FFT) results. Based on these figures, the ENOB
of the eight-channel PSOQ is 3.65 bits and its SFDR is
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Fig. 5. Experimental results of the enhanced PSOQ. (a)

ENOB and (b) SFDR.
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Fig. 6. Reconstructed signal and calculated FFT spectrum of
the resolution-enhanced PSOQ. (The dots indicate the exper-
imental data, and the solid line represents the sinusoidal fit
result.)

33.42 dB without resolution enhancement. The ENOB
and the SFDR are improved noticeably when a 2-bit
ADC is used. However, compared with the analysis re-
sult in Fig. 3, the improvement is not obvious when a
higher-resolution ADC, such as 3-bit, is used in enhance-
ment.

The experimental result for the ENOB of the eight-
channel PSOQ can be improved optimally to 4.31 bits
using a 3-bit ADC. Figure 6(a) shows the reconstructed
signal and the corresponding fitting result. The SFDR
is 40.89 dB, as shown in Fig. 6(b). The ENOB exhibits
an improvement of 0.66 bits, and the SFDR is increased
by 7.47 dB. Further improvement in the result cannot
be attained by using a 4-bit ADC. Based on the analysis
results presented in Fig. 4, improving SNR detection
is necessary to obtain higher ENOB and SFDR values.
This result can be achieved by reducing the error of the

phase shift or the integration of the system.

In conclusion, a resolution-enhancing encoding scheme
using electrical ADC is presented and experimentally
demonstrated. The results for the four-channel and
eight-channel PSOQs exhibit obvious improvement when
the proposed encoding scheme is applied. When eight
quantization channels are used, the ENOB of 4.31 bits
and the SFDR of 40.89 dB are achieved during the quan-
tization of a 9.9 GHz analog signal, thus leading to an
improvement of 0.66 bits and 7.47 dB, respectively.
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