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W-Band Pulse Generation Using Phase-Locked

Victoria A. Carey ', Matthew R. Konkol™, Charles E. Harrity, Eliezer L. Shahid, Christopher A. Schuetz,

Abstract— We present an RF photonic pulse generator oper-
ating at 77 GHz that can be implemented with multioctave RF
tunability. Capitalizing on the beat frequency provided by an
optical heterodyne, optical pulse generation is achieved using
a low-speed, null-biased Mach-Zehnder modulator while RF
pulse generation is achieved using a high-speed, high-power
photodiode. Peak photodiode output power as high as 27.4 dBm
is reported with a pulse width of 5 ns and a pulse repetition
frequency of 1 MHz. System architecture is described, and pho-
todiode output power as a function of duty cycle is investigated.

Index Terms— Millimeter wave generation, photodiode, pulse
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TABLE I
ILLUSTRATIVE RADAR SYSTEM METRICS
G Ae ag Sn Bn Fn (%)mln
(dB) (m?) (m?) (dBW/Hz) (MHz) (dB) (dB)
248 [5] 0.5 [5] 1 [4] -114 [4] 200 8 [6] 10 [1]
expression of the radar range equation [4]:
P[GAeO'
Riax = , (1)
e \/(471')2Sn By, Fn(%)min

generation, radar.

I. INTRODUCTION
ADIO detection and ranging, commonly radar, has been
in perpetual development since its inception. Using the
echo of a transmitted signal to derive information about
the (unseen) environment is a powerful tool and one that
is leveraged in a multitude of applications. A fairly recent
and widespread application is that of anti-collision automotive
radar, where fine range resolution and detection ranges span-
ning 0.15-250 m are desirable [1]. The former has motivated
a shift in operational frequencies, or carriers, from K-band
(24 GHz) to W-band (77 GHz) following the inverse depen-
dence of range resolution on bandwidth.

This relationship between increased bandwidth and finer
range resolution has also inspired photonic solutions where
optical channels can be leveraged for real-time bandwidths
spanning THz [2]. Although THz bandwidths have not yet
been demonstrated, 30 GHz bandwidth and 3.9 mm range res-
olution, with the added benefit of continuous W-band tunabil-
ity, has been demonstrated using linear frequency-modulated
continuous-wave (FWCW) photonic radar [3]. However,
despite the inclusion of a W-band power amplifier, the imple-
mentation in [3] was limited to a detection range of 6 m.

Achieved detection range depends on several system and
environmental factors which can be represented by a simplified
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where P; is the peak transmit power, G is the transmit antenna
gain, A, is the receive antenna effective aperture, o is the
radar cross section of the target, S, is the receive noise power
spectral density, B, is the noise bandwidth, commonly approx-
imated as the signal bandwidth, F;, is the receive noise figure,
and (%)mm is the minimum signal-to-noise ratio for detection.
For illustrative purposes, Table I gives a set of metrics for
a radar system that includes values found in literature and
an expected signal bandwidth for the 5 ns minimum pulse
width demonstrated in this work. Using Eq. (1), the values
in Table I, and the 27.4 dBm peak power achieved in this
work, the expected maximum detection range is 300 m, which
exceeds the desired range for automotive radar. To the best of
our knowledge, 27.4 dBm is the highest reported peak power
for an RF photonic pulse generator operating at W-band, and,
unlike in [3], is generated without an RF amplifier.

In addition to maximum range, the expected minimum range
(and range resolution) is 0.75 m given a 5 ns pulse width, and
the expected maximum unambiguous range is 150 m given
a 1 us pulse period. Although these metrics are only viable
for mid-range automotive radar [1], they do not represent
fundamental limitations of the approach. Shorter pulse widths
and longer pulse periods are supported [7], [8] that would
satisfy short- and long-range radars, respectively.

The ability of the photonic system presented to achieve
W-band peak powers >20 dBm without RF amplification is
inherent to pulsed-wave (PW) operation circumventing ther-
mal limitations present in CW operation. Specifically, the
transmit power of an RF photonic system relies on the perfor-
mance of the downconversion module preceding the antenna,
namely the photodiode (PD). Spanning the last two decades,
PDs have seen continual improvement in power generation fol-
lowing the prolific uni-travelling-carrier (UTC) structure and
derivatives thereof that enable coincident high-speed and high-
power PD design [9]. Although the UTC structure has enabled
PD power generation in CW operation to exceed 10 dBm
through W-band [10] and 30 dBm through X-band [11],
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it has been shown that PW operation can mitigate thermal
runaway and improve PD performance further. Peak PD power
generation exceeding 40 dBm for X- through K-band has
been demonstrated using a single-laser RF photonic pulse
generation system [7], [8] that would be well-suited for radar
applications. The work presented here builds upon this work
by (1) extending the investigation of improved PD power
during PW operation to W-band and (2) presenting an alterna-
tive RF pulse generation system that uses a two-laser optical
heterodyne approach.

The use of an optical heterodyne hosts several advantages
in comparison with the external modulation approach. First,
the RF generation is shifted from the electrical domain to the
optical domain by generating the desired RF at the PD directly
via an optical beat frequency. This reduces the performance
requirements of the RF oscillator and EO phase modulator,
at the cost of a second laser. Second, shifting the RF generation
to the optical domain also shifts the RF tuning to the optical
domain, which is executed by thermal tuning of the lasers and
can span multiple octaves of RF bandwidth. Third, the conver-
sion loss in the modulator is avoided, which supports future
systems that may benefit from excluding optical amplification.

A similar two-laser approach for W-band pulse generation
has been presented elsewhere but with the optical pulse formed
by sweeping the bias voltage on the PD rather than using a
modulator [12]. The advantage of using a modulator is that
the pulse shape is decoupled from the power generation of
the PD. In [12], the pulse width and extinction varies with
photocurrent, bias condition, and subsequent power output.
As a result, maintaining the desired pulse shape while also
increasing transmit power is difficult and would be undesirable
for a radar system operating according to Eq. (1). In contrast,
the system presented here allows independent control of pulse
shape and peak transmit power, while preserving the benefits
of an optical heterodyne.

II. THEORY OF OPERATION

The pulse generation system used here can be described in
three parts: optical phase locking using a tunable optically
paired source (TOPS) [13], optical pulse generation using
a low-speed, null-biased Mach-Zehnder modulator (MZM),
and RF pulse generation using a high-speed, high-power PD,
as shown graphically in Fig. 1. From left to right along Fig. 1,
two optical tones are generated by two lasers, which will be
referred to as the reference laser (fr.r) and the tune laser
(frun)- Next, an RF tone is generated by a phase-locked local
oscillator (LO) and input to an amplifier. The amplifier is
driven to saturation, generating a frequency comb of the LO
that is then upconverted as sidebands of the reference laser
by an EO phase modulator. The comb includes harmonics
at integer multiples of the LO that can be selected by an
optical filter, which dictates the resultant RF carrier. In the
measurements that follow, the LO is set to 19.25 GHz and
the fourth harmonic is selected for an RF carrier of 77 GHz.
Once the desired sideband is selected by the optical filter, it is
injected into the tune laser with a circulator. When f;,, is
near the frequency of the injected sideband, which is achieved
by thermal tuning, it will lock to this sideband, resulting in a
pair of phase-locked lasers. For an extensive treatment of the
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TOPS, the reader is referred to [13]. Neglecting phase vari-
ations and assuming pure sinusoidal tones, the time-varying
output from the TOPS can be expressed mathematically as:

Eine X~ Pref COS(Q'nfreft) + ~ Prun €087 frunt),  (2)

where P,y and Py, are the laser powers, and for and fi,,
are the laser frequencies. Figure 1 (a) illustrates (2) in both
time and frequency.

After the TOPS, the signal enters the optical pulse generator
where it passes through an MZM and becomes time-gated.
In this case, the gating occurs due to MZM operation at null
bias paired with a square wave, or pulse train, with low and
high voltage levels set to Vy,,;; and V; + Vy,i, respectively.
This results in a swing between null bias and peak bias at
the onset of each pulse. Since null bias is the destructive
interference condition for the MZM (off), and peak bias is
the constructive interference condition (on), the swing between
the two performs a switching operation, effectively gating the
optical signal in time. The pulse train is generated by a digital
delay (Highland T564) and fed into a modulator driver that
also takes instruction from a bias controller to ensure correct
voltage levels. For brevity, the modulator driver and bias
controller are not pictured in Fig. 1. The resulting time-varying
gate signal can be expressed using a Fourier series as:

N
G x 5(1 +2 sinc(nd) cos(Z”T”t)), 3)
n=l1

where ¢ is the duty cycle (0 = 7/T), 7 is the pulse width,
and T is the pulse period. Figure 1 (b) illustrates the product
of (2) and (3) in both time and frequency.

Following the MZM, the signal passes through an
erbium-doped fiber amplifier and variable optical attenuator
before entering the RF pulse generator where it is focused onto
a PD. The RF output from the PD is accessed with a ground-
signal-ground coplanar waveguide probe, through which the
applied bias is also delivered to the PD. This signal path is
enabled via bias tee as illustrated in Fig. 1. After the PD, the
PW photocurrent follows the incident optical signal as:

Iph = RH Pipe x RHGE? 4)

mnc?

where ‘R is the average PD responsivity in amperes per watt,
and H is a dimensionless quantity that describes the frequency
response. Expanding the square and simplifying gives:

Pros + P
Iy x RHG [% +  Prof Prun cos(2m f,ft)},

5)

where f,r is the desired, difference frequency (fiun — fref),
and all higher frequency terms have been assumed negligible.
Figure 1 (c) illustrates (5) in both time and frequency.

Once the PD generates the RF pulse, the bias tee filters the
signal such that only the second term in (5) travels through
the waveguide attenuator and into the harmonic mixer and
electronic signal analyzer (ESA). To ensure accurate power
measurements, the insertion loss of the RF network from
the output of the probe to the output of the attenuator was
measured, as well as the conversion loss from the mixer to
the ESA. In addition to RF losses, the signal experiences pulse
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Fig. 1.

desensitization due to the Fourier transform process that takes
place in the ESA [14]. This pulse desensitization relates the
power displayed at f = f,r for a PW signal to the power
that would be displayed at f = f,r for the CW equivalent.
In this way, the CW equivalent can be thought of as the
signal captured only during the pulse width. Consequently,
the CW equivalent power represents the PW peak power.
Therefore, if a PW signal is measured with the ESA, the pulse
desensitization can be used to determine its peak power, and
subsequently its average power.

III. RESULTS

PW measurements were taken at 77 GHz with a pulse
period of 1 us (PRF = 1 MHz) and varying 6. The minimum
0 was 0.5 %, corresponding to a pulse width of 5 ns. All PW
data was captured using the system shown in Fig. 1 and 8-um
diameter CC-MUTC PDs designed by the University of Vir-
ginia [10] and fabricated and tested by the first author. Optical
coupling conditions were such that the average responsivity
was 0.08 A/W, approximately 50 % of its maximum. This
defocusing is a technique employed for surface-illuminated
PDs that is believed to improve power handling by promoting
lower peak-to-average photocurrent densities [15].

The peak PD output power was calculated following:

Ppi(dBm) = Pgsa + Lys — 20log10(0), (6)

where Pgga is the measured power, L,y is the RF insertion
loss from the probe to the ESA, which was 35.9 dB at
77 GHz, and the expression 20logio(J) represents the pulse
desensitization discussed in Section II. The RF insertion
loss was dominated by the waveguide attenuator that was
inserted to protect the measurement devices; excluding this,
the RF loss was 6.9 dB. The average PD output power was
calculated following:

Py (dBm) = Py — 10log10(0). @)

Figure 2 (a) shows the maximum measured PD peak and
average output powers as a function of J. As shown, the
observed trends in peak and average PD output power are
reciprocal and exponential with changes in J. The dotted lines
in Fig. 2 (a) were calculated following a log scale of:

Pok(W) = Py (W)™ and Puy(W) = Peyn/3,  (8)

where P, was the maximum PD output power measured
during CW operation. Accordingly, it was observed that the
peak PD output power could be increased under PW conditions
proportional to 1/+/9. This led to peak power improvement

RF photonic pulse generation system. (a)—(c) Call-outs illustrating expected signal characteristics. Key definitions provided.
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Fig. 2. (a) PW power as a function of J, (b) CW power as a function of

frfs () PW power as a function of /g4y for 6 = 10 %, and (d) ESA trace for
J =10 %. PW data taken with PRF = 1 MHz and f,y =77 GHz.

upward of 1000 % with 6 < 1 %. However, as the peak power
improved, the average power degraded. The average power
decreased by more than 90 % with J < 1 %, a relationship
that warrants further investigation, as it may be possible to
increase the achieved average power by further increasing the
peak power with an optimized PD design [7].

The observed improvement in peak PD output power can
be explained by PW operation enabling increased saturation
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TABLE 11
SIGNAL CHARACTERISTICS AT MAXIMUM

T ) Taw Pao Ik Py Reverse Bias
(ns) (%) (mA) (dBm) (@mA) (dBm) V)

5 0.5 1.5 4.4 300 27.4 9

10 1 2.1 4.7 210 24.7 9
25 2.5 2.8 6.5 112 22.5 8
50 5 5.2 7.3 104 20.3 6.5
100 10 7.7 9.9 77 19.8 6
150 15 10.5 11 70 19.2 5.5
250 25 14.5 11.9 58 17.9 5
1000 100 35 15.1 35 15.1 4

levels that would otherwise cause thermal runaway and device
failure. Figure 2 (b) shows the PD output power during CW
operation. For these measurements, the reverse bias was held
constant (4 V), f,r was varied, and each curve represents a
different I,,. As shown, PD response above 80 GHz shows
signs of saturation at 35 mA, indicated by the enhanced
frequency rolloff. CW operation failed above 4 V for this
photocurrent and limited PD output power. Figure 2 (c) shows
the PD output power during PW operation with 6 = 10 %.
For these measurements, f,y was held constant (77 GHz), I,
was varied, and each curve represents a different reverse bias.
As shown, PD saturation was pushed to higher and higher
photocurrent as the reverse bias was increased. This behavior
is commonly attributed to space charge resulting from the field
imposed by the photogenerated carriers opposing the field
imposed by the applied reverse bias. As more carriers are
generated (higher photocurrent), there exists more opposition
to displacement current, and thus more reverse bias is required
to maintain linearity. In the absence of saturation, frequency
dependence, and laser imbalance, the expected PD output
power during PW operation can be expressed as:

1
Pigear = 5113]( Rioad> 9)

where 1,1 = I4,/0, 14y is the time average of I, in (5), and
Rioaaq 1s the resistance across which the power is measured.
Following (9), an increase in peak photocurrent, provided by
an increase in reverse bias voltage, will manifest as an increase
in maximum PD output power. This relationship was observed
as 0 decreased and is summarized by Fig. 2 (a) and Table II.

To verify expected pulse characteristics, Fig. 2 (d) shows
the trace captured from the ESA during the maximum power
measurement with d = 10 %. The trace captured was consis-
tent with the expected signal behavior as illustrated in Fig. 1.
Specifically, the bandwidth occupied by the central lobe is
20 MHz, which is twice the expected bandwidth from the
center frequency to the first null as dictated by the reciprocal
of ¢ = 100 ns. In addition to the bandwidth of the central
lobe, the PRF is also consistent with the expected value of
1 MHz, as shown by the Fig. 2 (d) inset.

IV. SUMMARY

Record-high W-band photonic pulsed power generation was
demonstrated using a widely tunable optical heterodyne sys-
tem with a high-speed, high-power PD. System architecture
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was described and PD output power as a function of duty
cycle for a 1 MHz PRF was presented. A peak PD output
power of 27.4 dBm was measured at 77 GHz for a duty
cycle of 0.5 %. To the best of our knowledge, this is the
highest reported output power for a W-band PD and a W-band
photonic system. Not only does this result support the ongoing
effort to improve PD power generation, but it complements the
inherent benefits of ultrawide bandwidth and tunability that
photonic pulse generation systems can provide.
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