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Abstract: We demonstrate a novel scheme for photonic generation of chirped millimeter-
wave (MMW) pulse with ultrahigh time-bandwidth product (TBP). By using a fast wavelength-
sweeping laser with a narrow instantaneous linewidth, wideband/high-power photonic
transmitter-mixers, and heterodyne-beating technique, continuously tunable chirped MMW
waveforms at the W-band are generated and detected through wireless transmission.
Compared with the reported optical grating-based wavelength-to-time mapping techniques
for chirped pulse generation, our approach eliminates the problem in limited frequency
resolution of grating, which seriously limits the continuity, tunability, and TBP of the generated
waveform. Furthermore, by changing the alternating current (AC) waveform of the driving
signal to the sweeping laser, linearly or nonlinearly continuously chirped MMW pulse can be
easily generated and switched. Using our scheme, linearly and nonlinearly chirped pulses
with record-high TBPs (89-103 GHz/50 us/7 x 10%) are experimentally achieved.

Index Terms: Microwave photonics, microwave photonics signal processing,
photodetectors.

1. Introduction

The capability to generate chirped millimeter-wave (MMW) pulses is pivotal in realizing a modern
radar system with high temporal resolution [1]-[3]. A chirped pulse system avoids the saturation of
high-peak voltage (current) in the electrical transmitter with a much longer pulse duration and, at the
same time, offers comparable temporal resolution as compared to systems using extremely short
electrical pulses (< 1 ns) [1], [2]. The key figure-of-merit in evaluating a chirped waveform is its
compression ratio (also known as the time-bandwidth product [TBP]), which equals to the product of
sweeping MMW bandwidth (B) and the temporal pulse duration (T) [1]-{4]. A larger compression
ratio means an electrical pulse with shorter duration (therefore higher temporal resolution), and
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higher peak power can be obtained at the receiver end after chirp compensation. In modern real-
time pulsed radar systems, the typical compression ratios are on the orders of several hundred or
thousand with pulse durations around 100 us [1]-[{4]. However, the commercial all-electronic
scanning microwave oscillator (yttrium iron garnet (YIG) oscillator) [5], [6] usually exhibits limited
scanning bandwidth/central frequency, high driving voltage, and a slow scanning rate (1 GHz/ms)
[5], [6]. For the desired pulse duration (< 100 us), the scanning bandwidth is usually less than only
1 GHz [3], [5].

An attractive solution to generate chirped electrical waveforms is through the photonics approach
[7], [8]. In various works based on incorporating time-multiplexing and high resolution pulse
shapers, the ability to generate microwave waveforms with indefinite record length have been
demonstrated [9]-{11]. Another scheme for photonic microwave chirped pulse generation is based
on the direct frequency-to-time mapping technique [12]-[17]. Such a technique is enabled by
sending a short optical pulse through a long single-mode fiber so that the accumulated quadratic
spectral phase impresses a large linear chirp onto the resulting time-domain waveform. The desired
chirped microwave pulse is therefore a scaled replica of the optical spectrum. The shape,
frequency-sweeping range of the chirped microwave waveform can therefore be arbitrarily defined
using a pulse shaper [12], [13], special designed fiber Bragg grating (FBG) [14], [15], or an
electrooptical intensity modulator [16], [17]. In a very recent work, chirped MMW pulses with a high
central frequency of 40 GHz and a wide scanning range (10 to 55 GHz) have been experimentally
demonstrated with pulse durations around 1.2 ns [15]. In that work, the corresponding pulse
compression ratio of 50 is severely limited by the optical pulsewidth. To obtain a higher
compression ratio, further extending the optical pulsewidth to the microsecond level would require a
much lower (kHz) laser repetition rate. Furthermore, a true linear pulse chirp is difficult to achieve in
practical Fourier-transform pulse shaper systems due to the finite pixelation of the spatial light
modulator.

In this paper, a novel scheme for photonic generation of chirped MMW pulse with ultrahigh TBP is
proposed. Through the use of a broadband photonic transmitter [18]-[21] and a special designed
wavelength-swept laser with a narrow instantaneous linewidth, we experimentally demonstrate and
in-detail analyze a novel photonic technique for generation, wireless transmission, and detection of
a truly continuous chirped MMW pulse [22]. By simply changing the driving signal of wavelength-
sweeping laser, linearly or nonlinearly chirped MMW pulses covering the W-band (89-103 GHz)
with record-high TBP (14 GHz, 50 us, 7 x 10°) are achieved.

2. Device Structure and Fabrication

Fig. 1 shows the schematic of our experimental setup. The optical MMW signal is simply generated
by the heterodyne-beating technique. A wavelength-sweeping laser is used for the generation of
fast-sweeping MMW chirped waveform.

Compared with the typical reported frequency-sweeping lasers, our laser has the unique
advantage to provide a narrow (~10 MHz) instantaneous linewidth during wavelength sweeping,
which is a key issue to generate the chirped waveform. Although most of the reported sweeping
lasers [23]-[25] exhibit a narrow static linewidth with a much larger wavelength-sweeping range,
they may have a very-poor dynamic linewidth (> GHz) during wavelength sweeping. This would
result in the wideband MMW white-noise spectra during heterodyne-beating signal generation with
optical wavelength sweeping [6]. In addition, compared with the homodyne technique for chirp pulse
generation [7], [8], our proposed heterodyne-beating approach should suffer from a larger phase
noise of the photogenerated MMW signal. Nevertheless, thanks to the narrow instantaneous
linewidth of our sweeping laser, a clear and repeatable instantaneous MMW waveform can be
displayed on the very-fast real-time scope, as shown later in Figs. 5 and 6. This result indicates the
reasonable good phase noise of our photogenerated MMW signal. To further reduce the phase
noise in our proposed scheme, an optical phase-locked loop (OPLL) [7], [26]-[28] with ultrafast
response time may be preferred [29] to dynamic locking the phase between two lasers during fast
wavelength sweeping.
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Fig. 1. Measurement setup of our chirped MMW pulse generation system at W-band. LNA: low-noise
amplifier. NBUTC-PD: near-ballistic unitraveling carrier photodiode. PTM: photonic-transmitter mixer.
EDFA: erbium-doped fiber amplifier. IF Amplifier: intermediate-frequency amplifier.
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Fig. 2. Block diagram of the tunable DFB-based fast-sweeping laser source.

Fig. 2 shows the conceptual diagram of our fast wavelength-swept laser source. As can be seen,
the tunable Distributed-Feedback (DFB) laser in our system ensures a single-frequency output,
while the wavelength is tuned by varying the injection current to the DFB chip. During operation, this
laser is driven by a small amplitude alternating current (AC) signal source (< 1 V) which allows us to
realize optical wavelength scanning and the output amplitude variation of laser is compensated by
an optical limiting amplifier [30]. Under AC signal injection, the measured optical spectrum of such
narrow linewidth laser would broaden significantly and the 3-dB bandwidth of central linewidth thus
corresponds the scanning bandwidth, as discussed latter in Fig. 3(b).

Fig. 3(a) shows the injected peak-to-peak voltage amplitude (V) versus the scanning range of
optical wavelength. In such measurement, the waveform of the injected AC signal is triangle wave
with frequency at 1 kHz. As can be seen, by gradually increasing the Vp, from 0.1 V to 1V, the
scanning bandwidth increases from 0.06 and then saturates at 0.12 nm. For the case of central
wavelength at 1550 nm, this corresponds to a 14 GHz electrical bandwidth. The maximum
operating frequency of injected AC signal is limited at around 10 kHz and the further increase in
sweeping frequency (> 10 kHz) would result in a serious decrease in the range of scanning optical
wavelengths. The limitation in scanning rate and wavelength range is due to the current driver and
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Fig. 3. (a) Peak-to-peak (V,p) amplitude of input AC driving voltage to wavelength sweeping laser
versus the 3-dB bandwidth of scanning wavelength. (b) Measured optical spectrum during heterodyne
beating measurement for MMW chirped pulse generation. The input Vy, is 0.8 V.

the maximum current tolerance imposed by the DFB laser chip. By combining such signal with the
output from a fixed-wavelength laser, we can obtain a heterodyne-beating signal with a time-varying
beating frequency. To get a linearly chirped pulse, which means that the beating frequency varies
linearly with time, we inject the triangle waveform into the sweeping laser and let the separation of
two beating optical wavelengths linearly varies with time. If the nonlinearly chirped pulse is
preferred, it can be simply generated by using a sinusoidal signal as the control signal of sweeping
laser. Furthermore, by properly programming the waveform of control signal of laser, we can directly
manipulate the chirped waveform in the transmitter side to efficiently match the response of chirped
filter in the receiver end [31]-[33] for high-quality pulse compression. Fig. 3(b) shows the measured
optical spectrum during heterodyne-beating measurement (with one fixed wavelength for
reference). During such measurement, we injected an AC signal (triangular wave signal) with a
frequency at 10 kHz to sweep the central wavelength of our laser. As can be seen in Fig. 3(b), a
side-mode exists in the output of such laser during sweeping, which has no significant influence on
the heterodyne-beating signal due to the fact that its peak amplitude is much smaller than those of
two main modes for beating. In addition, under 1 V,, driving, the measured linewidth of sweeping
laser is around 0.12 nm as discussed and we choose the wavelength separation between such two
main modes as around 0.8 nm, which corresponds to a ~100 GHz signal with time-varying
frequency in our wireless transmission experiment. Overall, by use of this proposed scheme, a truly
continuous chirped waveform with excellent tunability, which includes chirped rate, waveform, and
central frequency, can be easily realized by changing the waveform and the frequency of AC driving
signal of laser. For all the reported photonic chirp microwave pulse generation techniques up to now
[71, [8], these issues are all still challenges.

In the transmitter side, we adopted the near-ballistic unitraveling carrier photodiode (NBUTC-PD)-
[34]1-[36] based broadband and high-power photonic transmitter-mixer (PTM) at around W-band
[20], [21]. Fig. 4(a) and (b) show the top-view of such module and its measured and simulated O-E
frequency response, respectively.

Details about our device design and processes of simulation can be referred to our previous work
[20], [21]. Here, the 0-dB reference point shown in Fig. 4(b) is defined as the output power from an
ideal photodiode (i.e., infinite bandwidth) with a 50-(2 load, under an ideal sinusoidal optical source
excitation (100% modulation depth), and with the same output photocurrent (4 mA) as that of the
PTM during measurement. As can be seen a wide 3-dB O-E bandwidth (67-128 GHz) with a low
coupling loss (~—3 dB) can be achieved simultaneously. The value of coupling loss is defined as
the difference between measured MMW power outputs from WR-10 waveguide and the 0-dB
reference point, as discussed. As shown in Fig. 1, during the chirped-pulse generation experiment,
our PTM is not only illuminated by the optical heterodyne-beating signal but also modulated by
voltage square-wave signal, which is synchronized with the driving signal of the sweeping laser, to
generate the high-extinction-ratio MMW chirped pulse for free-space radiation [19], [20]. On the
receiver side, it is composed of a W-band low-noise amplifier (Millitech, LNA-10-02150), a WR-10
horn antenna, and subharmonic a mixer (VDI diode, WR 10.0 SHM) to down-convert the incoming
chirped MMW waveform. The down-converted baseband signal is then amplified and recorded by
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Fig. 4. (a) Top view and backside view of our W-band PTM. (b) The simulated and measured O-E
response of our PTM.

an intermediate frequency (IF) amplifier and a 13-GHz real-time scope (Agilent, Infiniium 9000),
respectively. The local-oscillator (LO) frequency at 96 GHz was chosen to down-convert the chirped
MMW waveform, which ranges from 89 to 103 GHz.

3. Measurement Results

Fig. 5(a)—(c) shows the measured chirped pulse waveform in our receiver end under three different
operation conditions. In (a) and (b), the sweeping laser is driving with a triangle waveform (blue line)
without and with a square wave (green line) control signal on our transmitter, respectively. In (c), the
driving waveform of laser is replaced with a sinusoidal signal for nonlinearly chirped pulse
generation, as discussed latter. As can be seen, by applying a square wave as control signal for
bias modulation of our transmitter, we can effectively “turn-off” our device, truncate the continuous
waveform [as shown in Fig. 5(a)], and get the long time duration (50-us) pulses. They have high-
extinction-ratio and chirped MMW signal inside, which is unclear here due to that we adopted a
large time scale (~ms) on real-time scope to show these long-duration pulses. In addition, the
amplitude of generated chirped-waveform in different reference time is nonuniform. Based on the
measured O-E response in the interesting band (89—-103 GHz), as shown in Fig. 4, the variation in
the output power from our transmitter under different operating frequency can almost be neglected.
We can thus conclude that the measured nonuniform amplitude of chirped pulse is originated from
the variation in output power of our laser during sweeping.

An improved optical equalizer or optical power feedback control circuit integrated with our laser is
necessary to further improve the uniformity in amplitude of generated chirped pulse. Nevertheless,
we can clearly see that the waveform of each chirped pulse is repeatable under such a large time
scale (~ ms), which implies the feasibility in high quality pulse compression.

Fig. 6(a) shows the measured MMW frequency versus time of detected linearly or nonlinearly
chirped waveform in our receiver end. The measurement result clearly indicates that by applying a
triangle (sinusoidal) driving signal on sweeping laser a linearly (nonlinearly) relationship between
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Fig. 6. (a) Measured MMW frequency versus time of our received linearly (black) and nonlinearly (red)
chirped pulse. (b) Corresponding measured zoom-in waveform of nonlinearly chirped pulse on real-time
scope in different reference time.

time and chirped frequency can be achieved. Fig. 6(b) shows the measured chirped waveform in
different time slots, which were recorded on the real-time scope in the receiver-end. During
measurement, the MMW LO frequency is fixed at 96 GHz, and we can see that very clear down-
converted chirped waveforms are detected. As shown in Fig. 6(b), when the sweeping frequency is
near the LO frequency of the mixer (96 GHz), we can see a near DC waveform, and the frequency
of generated waveform rapidly increases with sweeping time.

According to our measurement results, we can generate chirped pulse which covers 89-103 GHz
with 50 us sweeping time and the corresponding TBP can be as high as 7 x 10°. Such a time-scale
(50 us) of generated chirped pulse is fast enough for long-range remote sensing and detection [1], [2].

Vol. 4, No. 1, February 2012 Page 220



IEEE Photonics Journal Photonic Generation of Chirped MMW Waveforms

N I ; | —— Triangular

z 104 [—=—Triangular S | — sinusoidal

2 —e—Sinusoidal =) . 2.91GHz

2100} S

% LO Frequency 3 A\ /\\/ A4 GNP

S 9 St \/

3 : S 4,38GHz

L ogol A _—-—— W= GND

" 92+ - >

14 . R KT . L L

-30 -20 10 0 10 20 30 -10056 -10055

Time (us) Time (ns)

Fig. 7. Detected waveforms of linearly and nonlinearly chirped pulse at the same reference time
(—10 ps).

10 >

====|deal Curve g
- —o= Triangular - -’
nE: —A=— Sinusoidal R
3 o} CW (93GHz) .-~
7} - 3dB
2
o
o
bt
>
=
S
(o]
_20 1 1 1 L
2 6 10 14 18

Photocurrent (mA)

Fig. 8. Measured photogenerated MMW power versus output photocurrent of our PTM under the single-
frequency (93 GHz) sinusoidal signal excitation with a 100% modulation depth (green line), nonlinearly
(sinusoidal waveform of driving-signal) chirped optical waveform excitation (blue line), and linearly
(triangular waveform of driving-signal) chirped optical waveform excitation (red line).

To the best of our knowledge, the achieved TBP is largest ever reported for any kind of chirped
pulse generation systems [1]-[5], [8]. Fig. 7 shows the measured linearly and nonlinearly chirped
waveform at the same reference time (around —10 us) after zoom-in for comparison. The measured
down-converted intermediate frequency (IF) should equal to radio frequency (RF) by adding the LO
frequency at 96 GHz. We can clearly see that clear sinusoidal waveforms with different frequency
(2.91 and 4.38 GHz) for linearly and nonlinearly chirped pulse generation can be achieved.

Compared with using the extremely short MMW pulse (< 1 ns) to do the high-(time)-resolution
remote sensing, the main advantage of chirped pulse technology is that it can minimize the problem
of saturation in front-end MMW amplifier, which is used to amplify the short MMW pulse with a high-
peak-voltage for remote-sensing [1]. By use of the demonstrated photonic chirped pulse generation
technique here, we may expect that the modulation depth of our heterodyne-beating signal (with
time-varying frequency) could be as close as possible to the theoretical maximum value at 100%.
Fig. 8 shows the measured photogenerated MMW power versus output photocurrent of our
transmitter under different optical excitation schemes.

During such measurement, the square-wave bias modulation signal, which applied onto our
transmitter, has been removed. The green trace represents the measurement result of our device
under a 100% modulation depth of optical heterodyne-beating signal at a fixed frequency of 93 GHz.
Compared with the ideal trace (black dotted line), there is a around 3-dB difference in the output power
due to the coupling loss of our device, as discussed in Fig. 4(b). Here, the ideal trace represents the
photogenerated MMW power from an ideal photodiode (i.e., infinite bandwidth) integrated with a 50-2
load, under different values of output averaged photocurrent with a 100% optical modulation depth.
This measurement result indicates that the effective modulation depth of optical chirped waveform
would be influenced by the waveform of AC driving signal, and in our case, their values are less than
100%. For the case of nonlinearly (sinusoidal signal driving) and linearly (triangle signal driving)
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chirped pulse generation, the effective modulation depth is around 71% and 56%, respectively. These
results can be attributed to the variation of peak power of central wavelength during wavelength
sweeping, as discussed in Fig. 5. The nonequal amplitude of central wavelengths between the fixed
wavelength laser and sweeping laser would definitely result in the decrease in modulation depth.
Furthermore, as shown in Fig. 3(b), the existence of optical side-mode during sweeping would cause
the waste of optical power in the undesired heterodyne-beating frequency components. This is also a
possible mechanism that is responsible for the observed degradation in effective modulation depth.

4. Conclusion

In conclusion, we have demonstrated a novel photonic MMW chirped pulse-generation system. By
use of the special designed tunable DFB-based wavelength-sweeping laser with a narrow
instantaneous linewidth and a broadband/high-power NBUTC-PD-based photonic transmitter, the
generation, transmission, and detection of linearly/nonlinearly chirped MMW waveform at W-band,
which has a TBP as high as 7 x 10° under a reasonable time scale (~50 us) for real-time signal
processing, have been successfully demonstrated. To further improve the uniformity in amplitude
and effective modulation depth of optical chirped pulse waveform, the improvement in the stability of
output optical power during wavelength sweeping of our laser is necessary.
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