3116

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 21, NO. 12, DECEMBER 2003

Optical Down-Sampling of Wide-Band
Microwave Signals

Paul W. Juodawlkis, Member, IEEE, Member, OSA, Jeffrey J. Hargreaves, Member, |EEE, Richard D. Younger,
Gerard W. Titi, Member, |EEE, and Jonathan C. Twichell, Member, |EEE

Invited Paper

Abstract—Phase-encoded optical sampling allows radio-fre-
quency and microwave signals to be directly down-converted
and digitized with high linearity and greater than 60-dB
(10-effective-bit) signal-to-noise ratio. Wide-band electrical sig-
nals can be processed using relatively low optical sampling rates
provided that the instantaneous signal bandwidth is less than the
Nyquist sampling bandwidth. We demonstrate the capabilities
of this technique by using a 60-MS/s system to down-sample
two different FM chirp signals: 1) a baseband (0-250 MHZz)
linear -chirp waveform and 2) a nonlinear-chirp waveform having
a 10-GHz center frequency and a frequency excursion of 1 GHz.
We characterize the frequency response of the technique and
quantify the analog bandwidth limitation due to the optical pulse
width. The 3-dB bandwidth imposed by a 30-ps sampling pulse
is shown to be 10.4 GHz. We also investigate the impact of the
pulse width on thelinearity of the phase-encoded optical sampling
technique when it is used to sample high-frequency signals.

Index Terms—Analog-to-digital conversion, electrooptic de-
vices, microwave receiver s, optical sampling, pulsed lasers, signal
sampling.

I. INTRODUCTION

APID improvements in the performance of digital signal-
processing hardware are expected to have significant im-
pact on advanced radar, surveillance, and communication sys-
tems. The flexibility of the receivers in these systems can be
augmented by pushing the analog-to-digital converter (ADC)
closer to the antenna and performing more of the receiver func-
tions(e.g., out-of-band rejection, down-conversion, matched fil -
tering, and detection) inthedigital domain. The ability toimple-
ment these digital-receiver architectures is often limited by the
performance of the ADC component. For example, thesampling
rates of ADCs having 16, 12, and 8 effective bits are currently
limited to around 1 MS/s, 100 MS/s, and 1 GS/s, respectively
[11-4].
Any sampling system is limited by two distinct bandwidth
constraints: the analog bandwidth and the Nyquist bandwidth.
The analog bandwidth refers to the effective bandwidth of the
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analog components prior to the sampling operation. In aconven-
tiona electronic receiver, the analog bandwidth is determined
by the amplifiers, mixers, and filters that condition the signal
between the system input and the sample-and-hold circuit in the
ADC. The 3-dB anaog bandwidth is the frequency range over
which the input signal power is attenuated by less than 3 dB
of the maximum signal transmission. The Nyquist bandwidth
is equal to half the sampling frequency. A signal with all of its
frequency components restricted to the Nyquist bandwidth is
uniquely specified by its sampled representation. In a conven-
tional electronic ADC, the analog bandwidth is often limited to
afew times the Nyquist bandwidth.

Recently, there has been significant interest in applying
optical sampling techniques to extend the performance of
electronic ADCs [5]-{9]. In the optical sampling approach
described here, a high-speed train of short optical pulsesisused
to sample an electrical signal via an electrooptic modulator.
The optical pulses are converted to electrical signas that are
subsequently digitized using electronic quantizers. Advantages
of optical sampling relative to electrical sampling include:

1) the timing jitter of modern mode-locked lasers is more
than an order of magnitude smaller than that of electronic
sampling circuitry [1], [9]{13];

2) the low dispersion of optical components alows pi-
cosecond sampling pulses to be used to attain wide
analog bandwidth.

In this paper, we investigate the wide-analog-bandwidth
characteristics of the phase-encoded optical sampling technique
[5]. We show that the analog bandwidth is limited only by the
bandwidth of the optical modulator and the temporal width of
the optical pulse. An optical sampling system having 30-MHz
Nyquist bandwidth is used to directly down-sample FM chirp
signals having total frequency excursions of 250 MHz and
1 GHz. These down-sampled signals are processed digitally to
extract high-fidelity information about the linearity of the chirp
waveforms.

Il. OPTICAL DOWN-CONVERSION TECHNIQUES

A wide variety of optica down-conversion techniques
have been reported in the literature [14]{22]. Although the
down-conversion topologies differ, most of the approaches
involve impressing electrica radio-frequency (RF) and
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Fig. 1. Optical down-conversion techniques: (@) CW laser and cascaded modulators biased at quadrature and (b) optical down-sampling using a mode-locked
laser and a single modulator. PD: photodiode. Note that second modulator output in (a) only shows optical power at the IF frequency for clarity.

local-oscillator (LO) signals onto an optical carrier or carriers,
mixing these two signals in a nonlinear medium or device,
detecting the mixed signal with a photodetector, and filtering
the photodetector output to isolate the desired intermediate-fre-
quency (IF) signal having frequency fir = frr — fr.o. One
approach that has been thoroughly investigated uses a con-
tinuous-wave (CW) laser and a pair of modulators connected
in series and biased at quadrature [Fig. 1(a)] [15]. The first
modulator is used to impress the LO signa onto the optical
carrier. The second modulator is used to mix the LO-modulated
carrier with the RF signal. The overal nonlinear response of
the cascaded modulator pair is the product of the sinusoidal
transfer characteristics of theindividual modulators. When both
modulators are biased at quadrature, the cascaded modulator
approach does not generate third-order mixing products at
frequencies 2frr *+ fro and 2fi.o + frr. However, when
the RF signa contains multiple frequencies, intermodulation
products will be generated by the sinusoidal nonlinearity of the
second modulator. The main disadvantage of this and many
other optical down-conversion techniques is low conversion
efficiency. The conversion efficiency can be improved through
the use of monoalithically cascaded modulators and impedance
matching circuits [20], optical amplification, and differential
detection [17]. The use of differential detection was aso shown
to regject both the laser relative intensity noise (RIN) and added
noise from an optical amplifier.

The modulated-L O optical signal can also be generated using
a mode-locked laser synchronized to the electrical LO source
[Fig. 1(b)] [19]. This approach can be considered from either a
frequency- or atime-domain perspective. From the frequency-
domain view, the mode-locked laser output consists of a se-

ries of spectral lines with spacing equal to the pulse repeti-
tion frequency fro. When this spectral comb is mixed with
the RF signal in the modulator, a series of signals are gener-
ated at IF frequencies fir = frr — 7 - fLo, Where n is an
integer, aswell as at the harmonic and intermodul ation frequen-
cies. Hence, this approach can be thought of as optical hetero-
dyning [22] with a frequency comb instead of the typical pair
of optical frequencies. From the time-domain perspective, the
mode-locked laser consists of a series of short optical pulses
with temporal spacing of 1/ f1.o. As the pulses are transmitted
through the modulator, the RF signal is optically down-sam-
pled via the modulator’ s transfer characteristic. The modulated
pulses can then be detected and low-pass filtered to extract the
undersampled IF signal at frequency fir = frr — N - fLoO,
where N istheinteger that satisfies the Nyquist criterion (i.e.,
fir < -fr.o/2). A main limitation of using amode-locked laser
for down-conversion is that the instantaneous bandwidth of the
RF signal must be less than half the pul se repetition rate to sat-
isfy Nyquist. Also, when using asingle-output modul ator to per-
form the sampling operation: 1) intermodulation products are
generated by the modulator’ s sinusoidal transmission character-
istic and 2) laser amplitude noise can degrade the system noise
performance.

In the next section, we describe the use of phase-encoded
sampling to improve the linearity and laser noise suppression
of the optical down-sampling technique.

1. OPTICAL-SAMPLING SYSTEM DESCRIPTION

The optical sampling system (Fig. 2) consists of a harmon-
ically mode-locked fiber ring laser generating 30-ps pulses
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Fig. 2. Phase-encoded optical sampling system consisting of a short-pulse (30 ps) optical source, a dua-output LiNbO; Mach—-Zehnder modulator, a pair of

PHIR circuits, a pair of electronic quantizers (AD6644), and a computer.

at a 60-MHz rate (sixth harmonic), a dual-output LiNbOs
Mach—Zehnder (MZ) modulator, and a pair of photonic inte-
grate-and-reset (PHIR) circuits followed by 14-bit electronic
quantizers (Analog Devices AD6644) operating at 60 MS/s.
Two different MZ modulators having traveling-wave electrodes
were used in the experiments reported here. The 3-dB band-
width and half-wave voltage (V) of the two modulators are:
1) 3GHz, 3V and 2) 10 GHz, 11 V. The PHIR circuits convert
the energy of the 30-ps pulses into slowly varying voltage
signals by integrating photogenenerated current over a 10-ns
interval. The digital samples from each quantizer are stored in
1-Msample buffers and then processed offline. System timing
signals are derived from the detected laser output and are
distributed to the PHIR circuits and the quantizers. Additional
details on the system can be found in [6].

Phase-encoded optical sampling of the electrica signal
is achieved by transmitting the laser-pulse train through the
dual-output MZ modulator. The energy of each input pulse
is interferometrically split between the two output ports. The
splitting ratio is determined by the voltage applied during
the time that the pulse traverses the modulator. When an MZ
modulator with velocity-matched traveling-wave electrodes
is used, the pulse travels through the optical waveguide at
the same velocity that the electrical signa travels along the
electrode. Thus, the pulse samples the applied voltage at
the instant that it enters the active section of the modulator.
The optical pulses are then detected and conditioned by the
PHIR circuits and digitized by the electronic quantizers. After
digitization, the complementary modulator output samples are
combined to invert the modul ator’ stransfer function and obtain
the phase difference in the interferometer arms at the time of
pulse transmission. This phase difference is linearly related
to the applied analog voltage. Details of the phase-decoding
process are given in [5] and [6].

By combining the information from both outputs of the
MZ modulator, the phase-encoded optical sampling tech-
nique provides both high linearity and large suppression of
laser amplitude noise. These performance enhancements are
illustrated by the power spectra in Fig. 3 that were obtained
by sampling a 28.4-MHz sinusoid using the 60-M S/s optical
sampling system. For this measurement, the modulation index
(m = Vinp_p/Vy) was very large (50%) and the optical
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Fig. 3. Power spectra of a 28.4-MHz sinusoidal signal sampled using (@)
phase-encoded optical sampling and (b) intensity sampling. The modulation
index (m = Vin,p—p/V ) was 50% and the optical power at the modulator
input was 4 mW.

power at the modulator input was 4 mW. The signal-to-noise
ratio (SNR) and spurious-free dynamic range (SFDR) for
the phase-encoded sampled spectrum [Fig. 3(a)] are 60 dB
(9.7 effective bits) and 80 dB, respectively. When only one
modulator output is processed, a technique referred to as
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intensity sampling [Fig. 3(b)], the SFDR decreases by 50 dB
due to the harmonics generated by the modulator’s sinusoidal
transmission characteristic and the large modulation index
used. The discrete spurs and intermodul ation products centered
near 10 and 20 MHz are associated with the supermode ampli-
tude noise of the harmonically mode-locked laser [23], which
has a fundamental cavity frequency of 9.9 MHz. The complex
character of the supermode intermodulation spurs results from
the combination of spectral aliasing and the frequency mixing
of the input signal, the supermodes, and the laser relaxation
oscillations in the sampling modulator. These supermode
intermodulation products dominate the 33-dB reduction in the
signal-to-noise-and-distortion ratio of the intensity-sampled
data relative to the phase-encoded sampled data. The increase
of the broadband noise floor is less than 10 dB for the in-
tensity-sampled data. In another linearity demonstration, we
obtained a two-tone third-order intermodulation-free dynamic
range of 87 dB for m = 15% [24]. This result represents a
40-dB improvement over the linearity of the single-output MZ
sampling approach. The linearity of the technique is limited
only by the linearity of the linear electrooptic effect in a
material such as LiNbOs and the temporal width of the optical
sampling pulses, as discussed below. The differential detection
and normalization inherent in the phase-decoding process has
been demonstrated to suppress the laser amplitude noise by at
least 60 dB [11].

V. FREQUENCY RESPONSE INVESTIGATION

The analog bandwidth of the optical sampling technique is
determined entirely by the bandwidth of the electrooptic sam-
pling modulator and the temporal width of the optical sam-
pling pulses. The bandwidth of the sampling modulator islim-
ited by a number of factors including electrode capacitance,
velocity mismatch between the electrical signal and the optical
pulse signal, electrical signal attenuation due to conductor loss
(i.e., skin effect), dielectric loss, radiation loss, and packaging
and connector parasitics. LiINbO; Mach—Zehnder modulators
having more than 30-GHz bandwidth are commercialy avail-
able [25], and polymer modulators with bandwidths exceeding
100 GHz have been demonstrated in the laboratory [26].

The analog bandwidth is also limited by the optical pulse
width. For optical sampling systemsthat use integrate-and-reset
detection, the sampled electrical-signal information iscontained
in the energy of the optical pulse at the output of the sampling
transducer. Assuming a velocity-matched traveling-wave elec-
trode, the transmitted pulse energy is equal to

B(to) = [ ot~ t)1(0)ds &)

where p(¢) is the instantaneous optical pulse power, g is the
time that the pul se entered the modul ator, and 7°(¢) isthe optical
transmission of the sampling modulator, which is a function of
the applied voltage being measured. Consider the sampling of a
sinusoidal electrical signal. When the pulse width is much less
than the signal period, the transmission is approximately con-
stant over the pulse width and the transmitted pul se energy pro-
vides a good measure of the electrical signa the sampling in-
stant to. As the pulse width approaches the signal period, the

3119

g Optical Sampling
H 3-GHz Modulator
S I
8 A0 L Optical Sampling
g F 10-GHz Modulator
B I
E L
-15 [ | ™~ AD6644 Quantizer 7
+ (AD9631 & AD8138 Amplifiers)
20 - ]
[ I | : | s 1 L | L
0 2 4 6 8 10

Frequency (GHz)

Fig. 4. Comparison of the frequency responses of an analog devices AD6644
analog-to-digital converter and the optical sampling system with both 3- and
10-GHz bandwidth sampling modulators. The signal input to the AD6644 is
conditioned using AD9631 and AD8138 amplifiersin series.

sampling process integrates variations in the transmission and
the output pulse energy becomes constant, independent of the
sampling time t, (i.e., there is no sampling). The dependence
of the frequency response of the optical sampling process on
the optical pulse width was investigated using anumerical sim-
ulation that includes pulse-width effects via (1). As anticipated,
the analog bandwidth was found to be inversely proportional to
the pulse width. For a Gaussian optical pulse having atemporal
full-width at half-maximum of 7, the 3-dB bandwidth dueto the
pulse width is equal to 0.312/7.

We note that the analog bandwidth is limited by neither
the photodetector bandwidth nor the electronic quantizer
bandwidth when integrate-and-reset detection is used. In this
detection scheme, the pulse energy is converted to a slowly
varying voltage through the photodetection and integration
processes. For our system, the integration period is much longer
(10 ns) than the optical pulse width (30 ps). The quantizer
operates on avoltage that is proportional to the integrated pulse
energy and not instantaneous pulse power, greatly relaxing
the timing accuracy requirement at the quantizer. Thus, the
aperture jitter of the optical sampling system is dominated by
the timing jitter of the mode-locked laser pulses as the pulses
pass through the sampling modulator.

To demonstrate the wide anal og bandwidth of the optical sam-
pling technique, stepped-frequency (10 MHz to 10 GHz) mea-
surements were performed. Fig. 4 shows the optical sampling
system response for both the 3- and 10-GHz modulators. The
3-dB bandwidth of the optical sampling system with the 3- and
10-GHz modulator is 1.2 and 5 GHz, respectively. The initial,
steep amplitude decrease in the responses for both modulators
(f < 1 GHz) is attributed to the impedance transformer at the
eectrical input of the modulator. Also shown in Fig. 4 is the
mesasured frequency response of the AD6644 electronic quan-
tizersthat are used in the optical sampling system. The AD6644
input was conditioned using an AD9631 unity-gain buffer and
an AD8138 differential amplifier (gain= 2). The data of Fig. 4
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Fig.5. Residual frequency response of the optical sampling system (solid line)
after removing the frequency response of the 10-GHz dual-output modulator.
The cal culated response due to the 30-ps pul se width is also shown (dotted line).

show that the quantizer has a 3-dB bandwidth of 160 MHz and
asharp rolloff (18 dB/octave). The overall quantizer bandwidth
isprimarily limited by the bandwidth of the AD8138 amplifier.
It isimportant to note that the bandwidth of the el ectronic quan-
tizer doesnot limit the anal og bandwidth of the optical sampling
system.

To separate the bandwidth limit due to the modulator
from that due to the pulse width, the modulator frequency
response was independently measured using an HP8510
network analyzer in conjunction with a 1550-nm laser and
a 40-GHz-bandwidth photodetector. The residual system
frequency response was then obtained by normalizing the mea-
sured response (Fig. 4) by the modulator frequency response.
Fig. 5 shows the residua response of the system obtained
from measurements with the 10-GHz modulator installed. Also
shown is the simulated frequency response associated with
the finite sampling aperture of a 30-ps Gaussian pulse. The
good agreement between the residual system response and
the pulse-width dependence at high frequency reveals that the
modulator and the pulse width are the primary factors limiting
the analog bandwidth. The discrepancy at low frequency
(<2 GHz) is currently under investigation. The 30-ps pulse
width imposes a 3-dB bandwidth of 10.4 GHz. Although the
minimum pulse-width of our laser was limited to 30 ps by the
laser design, high-repetition-rate mode-locked lasers producing
picosecond and subpicosecond pulses have been reported [12],
[27], [28]. The 850-fs pulses reported in [28] would increase
the pulse-width-limited bandwidth to 370 GHz.

The SNR for an input-signal frequency of 10 GHz was mea-
sured to be 50 dB, indicating that the pulse-to-pulse laser timing
jitter islessthan 50 fsin agreement with previous measurements
[11]. Thisjitter measureisan upper bound sinceit contains am-
plitude and phase noise contributions from the synthesizer used
to generate the 10-GHz electrical test signal.

In addition to the amplitude response’s being limited by the
sampling pulse width, the linearity of the phase-encoded op-
tical sampling techniqueisalso limited by the temporal width of

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 21, NO. 12, DECEMBER 2003

140 N

——m=0.10

A - — m=0.20

120 h Phase-Encoded Sampling o m f gig
/ (Dual-Output Modulator) e

100 ----m=049

Tt
==

-]
o

Two-Tone IM3 (dB)

F-
(=4

N
o

Ratio of Pulse Width to Signal Period

Fig. 6. Caculated dependence of system linearity on the relative optical
pulse-width and the modulation index for both phase-encoded optical sampling
and intensity sampling. IM3=two-tone third-order intermodulation-free
dynamic range.

the optical pulses relative to the period of the signal being sam-
pled. Thislimitation arises because the finite-width pul se effec-
tively integrates the phase of the signal being sampled. When
the pulses from the two modulator outputs are processed to in-
vert the modulator’s transfer function (see [6]), the integrated
phaseintroducesanonlinearity. Weinvestigated the dependence
of the sampling linearity on the pulse width by calculating the
two-tone third-order intermodul ation-free dynamic range (IM 3)
as afunction of the ratio of the pulse width to the signal period.
The analysis omitted all sources of nonlinearity except for that
associated with the interferometric sampling modulator. Fig. 6
shows the results of these calculations for several modulation
indexes m for both phase-encoded sampling and intensity sam-
pling. For the intensity sampling case, the two-tone IM3 de-
creaseswith increasing modulation index dueto the nonlinearity
inherent in the sinusoidal transfer function of a single output
of the interferometer, but the IM3 is independent of the pulse
width. When phase-encoded sampling isused, thetwo-tone IM3
is infinite, independent of modulation index, for a zero-width
sampling pulse (delta function) since we have assumed that the
phase-modulation process is perfectly linear. However, for the
finite-width pulses, the IM3 is a strong function of pulse width.
Asthe pulse width increases, the linearity of the phase-encoded
sampling technique approaches that of the intensity sampling
technique.

Although the optical sampling system’s electronics do not
limit the maximum detectable signal frequency, the electronics
do impose a limit on the receiver’s instantaneous bandwidth.
For the system in Fig. 2 operating at 60 M S/s, the instantaneous
bandwidth is limited to the 30-MHz Nyquist bandwidth. The
instantaneous bandwidth of the optical sampling technique can
be extended by distributing the postsampling pulsesto aparallel
array of NV detection circuits and time-interleaved quantizers.
Using optical time-division demultiplexersto perform the pulse
distribution, we have extended the instantaneous bandwidth to
104 MHz (N = 4) [24] and 252 MHz (N = 8) [6].
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V. CHIRP DOWN-SAMPLING RESULTS

In a conventional Nyquist sampling system, the signal being
measured is filtered prior to the sampling operation to ensure
that the signal’s maximum frequency component is less than
half the sampling frequency. However, wide-band signals
having total frequency excursion much greater than the Nyquist
bandwidth can be sampled and digitally processed provided
that 1) the analog bandwidth of the system is sufficiently large
and 2) the instantaneous bandwidth of the signal is smaller than
the system’s Nyquist bandwidth. Signal frequencies greater
than the Nyquist frequency of the back-end quantizers are
aliased into the Nyquist bandwidth. One such wide-band signal
is the linear-FM chirp waveform commonly used in radar
ranging systems that incorporate “ stretch” processing. The total
frequency excursion of a chirped waveform may be multigi-
gahertz, but the instantaneous bandwidth is limited to only a
few megahertz. In linear-FM stretch processing, the received
waveformis correlated with adelayed replicaof the transmitted
signal in the analog domain to reduce the signal bandwidth to
be smaller than the system’s ADC Nyquist bandwidth. If the
chirped waveform can be directly sampled, this correlation
function can be performed in the digital domain. In this section,
we show that both wide-band linear- and nonlinear-FM chirp
waveforms can be opticaly down-sampled and processed
across multiple Nyquist frequency intervals.

The linear-FM chirp waveform was generated by an arbi-
trary-waveform generator (Tektronix AWG610). The waveform
was chirped at arate of 31.25 GHz/s from 0 to 250 MHz (8-ms
duration) and had a constant power level of +4 dBm. Approx-
imately two complete cycles of the waveform could be stored
in the 1-Msample buffer on the AD6644 quantizer board. The
signal was sampled using the 3-GHz-bandwidth modulator.

Fig. 7(a) contains a time-frequency-intensity plot of one
cycle of the sampled chirp signal after phase decoding was
performed. The white zigzag line shows the signa’ s frequency
variation as it aliases through the 30-MHz Nyquist bandwidth
about 8.3 times. The faint horizonta lines are evidence of
constant-frequency system spursthat are about 60 dB below the
signal tone. Without performing the phase-decoding operation
[Fig. 7(b)], the data also exhibit 1) intense constant-frequency
spurs (30 dB below the signal) near 10 and 20 MHz asso-
ciated with supermode intensity noise of the harmonically
mode-locked laser [23] and 2) higher order zigzag lines (barely
discernable above the noise floor) due to harmonics of the
sampled signal. Note that the relative level of the supermode
spurs (—30 dB in this case) is a function of the amplitude of
the applied electrical signal and is not a direct measure of the
supermode suppression ratio (SMSR) of the laser. The SMSR
of our mode-locked fiber laser is greater than 50 dB under
normal operation. As mentioned above, the phase-encoded
optical sampling technique greatly suppresses the effects of
laser amplitude noise and improves the system linearity.

The sampled linear-chirp waveform was digitally correlated
by multiplying it by an ideal chirped |ocal-oscillator waveform

rLo(t) = sin {27r <% + fo+ fIF) t} @
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Fig. 7. Time-frequency-intensity plots of a linear-chirp waveform opticaly
down-sampled at a60-MS/srate: (a) after phase decoding and (b) single-output
intensity sampling without phase decoding. Chirp parameters: center frequency
125 MHz, bandwidth= 250 MHz, duration = 8 ms.

where C isthe chirp rate (Hz/s), f, istheinitia frequency, and
fir is the desired intermediate frequency. Following the mul-
tiplication operation, a diding-window fast-Fourier-transform
(FFT) was applied to the data to calculate the phase evolution
of the de-chirped signal. The IF frequency was chosen to place
the dechirped signal in the center of an FFT frequency bin. The
phase of the IF signal was then extracted from the complex FFT
data. Fig. 8 shows the phase deviation between the dechirped
signal and a residual -phase quadratic for a near-optimum set of
parameters (C = 31.25 GHz/s, fo = 6975 Hz). The relatively
small phase-error (3.5 degrees rms) reveals that the chirped
waveform generated by the AWG610 is well described by the
linear chirp expression given in (2). The residual phase-error
fluctuations are thought to be related to the AWG610 since
they are not correlated with Nyquist interval periodicity of the
chirped signal. The requested AWG610 chirp rate was nearly
identical to the empirically fit chirp rate of C' = 31.25 GHz/s.
Most importantly, this result shows that an optically sampled
chirped waveform can be processed over multiple Nyquist
intervals.

The wide-band down-sampling technique was also applied
to a nonlinear-FM chirp waveform generated by a Miteq mi-
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down-sampled at a 60-M S/s rate using phase-encoded optical sampling. Chirp
parameters: center frequency = 10 GHz, bandwidth = 1 GHz, duration
= 256 us.

crowave voltage-controlled oscillator (V CO) that was driven by
a linear voltage-ramp generator. The resulting waveform was
chirped from 9.5 to 10.5 GHz over a 256-4:s duration and had a
power level of 413 dBm. The chirped waveform was sampled
using the 10-GHz-bandwidth modulator.

Fig. 9 contains atime-frequency intensity plot of one cycle of
the sampled chirp signal after phase decoding was performed.
The white zigzag line shows the signa’s frequency variation
as it aliases through the 30-MHz Nyquist bandwidth about 33
times.

The chirp rate of the sampled waveform was estimated by
computing the slope (df /dt) of the data in Fig. 9. The rate-
versus-time data (Fig. 10) reveal that the chirp rate is not con-
stant, implying a nonlinear chirp. A static measurement of the
V CO voltage-to-frequency (v-to- f) characteristic was obtained
by stepping itsinput voltage and measuring the output frequency
using a spectrum anayzer. Combining this v-to-f data with
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Fig. 10. Chirp rate versus time of a 1-GHz-bandwidth nonlinear-chirp
waveform estimated using 1) phase-encoded optica sampling and
Fourier analysis (squares and solid line) and 2) combination of static
voltage-to-frequency and voltage ramp measurements (triangles). The expected
linear chirp rate also shown (dotted).

a measurement of the voltage ramp provided the estimate of
rate-versus-time shown in Fig. 10. Note that the two measure-
ments agree quite well.

In this section, we have shown that wide-band electrical sig-
nals can be optically down-sampled and processed across mul-
tiple Nyquist intervals. It is worth noting two points. First, the
undersampling operation does not violate the Nyquist criterion
since the instantaneous bandwidth of the chirp signals is less
than the Nyquist sampling bandwidth. Second, in addition to
aliasing thewide-band signal, the undersampling operation also
aiases all of the noise within the system’s analog bandwidth
into the Nyquist bandwidth. This aliased noise will limit the
sensitivity of thesampling system. Thus, thisaliased down-sam-
pling techniqueis useful as an instrument to measure the ampli-
tude and phase characteristics of wide-band waveforms having
high SNR. It will belessuseful inlinear-FM radar receivers op-
erating on low-SNR signals and on signals having range-extent
bandwidth that exceeds the Nyquist bandwidth.

V1. CONCLUSION

In this paper, we have demonstrated that phase-encoded
optical sampling allows wide-band radio-frequency and mi-
crowave signals to be frequency down-converted and digitized
in a single operation with high fidelity. Both linear- and non-
linear-FM chirp waveforms have been sampled and analyzed
digitally. The 3-dB analog bandwidth of our current system
is limited to 5 GHz by the combination of the bandwidth of
the sampling modulator and the aperture-related bandwidth
of the 30-ps sampling pulses. Analog bandwidths in excess
of 100 GHz should be feasible based on reported modulator
and mode-locked laser technology. We note that the timing
jitter of the mode-locked laser ultimately limits the maximum
achievable SNR of the down-sampled signal for high input
frequencies.
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