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Precise and stable synchronization between an optical frequency comb (femtosecond mode-locked laser oscillator
or microresonator-based comb) and a microwave oscillator is important for various fields including telecommu-
nication, radio astronomy, metrology, and ultrafast X-ray and electron science. Timing detection and synchro-
nization using electro-optic sampling with an interferometer has been actively used for low-noise microwave
generation, long-distance timing transfer, comb stabilization, time-of-flight sensing, and laser-microwave syn-
chronization for ultrafast science facilities. Despite its outstanding performance, there has been a discrepancy
in synchronization performance of more than 10 dB between the projected shot-noise-limited noise floor
and the measured residual noise floor. In this work, we demonstrate the shot-noise-limited performance of an
electro-optic timing detector-based comb-microwave synchronization, which enabled an unprecedented residual
phase noise floor of -174.5 dBc/Hz at 8 GHz carrier frequency (i.e., 53 zs/Hz!/? timing noise floor), integrated
rms timing jitter of 88 as (1 Hz to 1 MHz), rms timing drift of 319 as over 12 h, and frequency instability of
3.6 x 1072 over 10,000 s averaging time. We identified that bandpass filtering of the microwave signal and optical
pulse repetition-rate multiplication are critical for achieving this performance. ~© 2022 Chinese Laser Press
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1. INTRODUCTION

An optical frequency comb, which consists of evenly spaced

mixer after extracting a microwave from the optical pulse train
with a high-bandwidth photodetector and a bandpass filter
[11-15]. While this method has been widely used, it has limited
timing resolution and stability because of the saturation and
amplitude-to-phase conversion of photodiodes and the limited
phase discrimination resolution of microwave mixers. As an al-
ternative, timing detection in the optical domain using electro-
optic sampling with an interferometer has been studied for
precise timing discrimination and optical-microwave synchroni-
zation [16-22]. There are two optical-microwave timing detec-
tion concepts: direct conversion of the timing error into intensity
imbalance [16-18,22] and synchronous detection using half of
the repetition rate as the modulation signal [19-21]. The former
method, which is also collectively called as the electro-optic
sampling-based timing detection (EOS-TD) method, has dem-
onstrated subfemtosecond optical-microwave timing synchroni-
zation performance [17,22] and high amplitude-to-phase
suppression ratio [23] by introducing balanced detection. This

frequency components in the optical domain, connects the op-
tical and microwave frequencies in a coherent way [1,2]. This
unique property has facilitated its utilization to various micro-
wave photonic applications. Precise and stable synchronization
between an optical frequency comb (in forms of femtosecond
mode-locked lasers or microresonator-based Kerr combs) and a
microwave source is important for various fields. It is highly
desirable for coherent microwave networks over kilometer
(km) distances for very-long-baseline interferometers (VLBIs)
[3,4], high-performance optoelectronic phase-locked loops
(PLLs) for telecommunications [5], and as a direct link between
microwave clocks and optical frequency combs [6]. In particu-
lar, it plays a critical role for ultrafast science facilities, such
as X-ray free-electron lasers (XFELs) [7,8] and ultrafast electron
diffraction (UED) sources [9,10], where precise and stable syn-

chronization between multiple femtosecond mode-locked la-
sers and microwave-driven cavities and photoguns is required.

Traditionally, the timing error between an optical frequency
comb and a microwave source was measured using a microwave
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approach has been actively used for a variety of applications such
as low-noise microwave generation [24,25], long-distance
timing transfer [26,27], comb stabilization [6,28], time-of-flight
sensing [29], laser-microwave synchronization for UED [30],
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and fiber link stabilization for FELs [31]. Despite its excellent
performance, there was more than 10 dB difference in synchro-
nization performance between the expected shot-noise-limited
noise floor and the measured residual noise floor, indicating that
there is still potential for improvement.

this paper, we demonstrate a shot-noise-limited
synchronization performance of the EOS-TD method, which
resulted in a single-sideband (SSB) residual phase noise floor of
-174.5 dBc/Hz at 8 GHz carrier frequency (i.e., 53 zs/Hz!/?
timing noise floor), integrated root-mean-square (rms) timing
jitter of 88 as (1 Hz—1 MHz), rms timing drift of 319 as over
12 h, and frequency instability of 3.6 x 1072* over 10,000 s
averaging time. We identified that bandpass filtering of the mi-
crowave signal and optical pulse repetition-rate multiplication
are critical for achieving this performance. To our knowledge,
this is the first time to show the combined performance of
short-term < -170 dBc/Hz-level phase noise and long-term
107%0-level instability for direct synchronization between an
optical frequency comb and a microwave oscillator.

In

2. ELECTRO-OPTIC SAMPLING-BASED TIMING
DETECTORS

In this section, we will briefly overview the schematic and op-
eration principles of the EOS-TDs. In essence, the EOS-TD
converts the timing error between zero-crossings of the micro-
wave signal and ultrashort optical pulses (7 in Fig. 1) into the
intensity imbalance between the two outputs of the interferom-
eter so that the timing error can be precisely detected by a
balanced photodetector (BPD) (see Fig. 1). The standard con-
figuration of the EOS-TD is based on an asymmetric-phase-
biased fiber interferometer, which consists of a 2 x 2 optical
coupler with 50:50 coupling ratio, a traveling-wave electro-

optic phase modulator (EOM), and a unidirectional /2 phase

(a) (b)

bias [Fig. 1(a)] [17]. When the optical phase difference between
the two counterpropagating pulses is A¢, the two outputs
from the Sagnac loop are proportional to cos*(A¢/2) and
sin?(A¢/2). In order to bias the Sagnac loop in the balanced
condition, a nonreciprocal 7/2 phase bias unit is inserted in
the loop. The resulting optical phase difference is A¢p =
¢r + m/2, where ¢, is the optical phase induced by the EOM,
which is proportional to the timing error () between the mi-
crowave and the optical pulses. Here, as the traveling-wave
EOM is used, the unidirectionality is guaranteed for gigahertz
(GHz) microwave signals. The two Sagnac-loop outputs are de-
tected by the BPD to obtain the timing error with minimal
impact of intensity noise. Note that, in the actual implementa-
tion, an attenuator is required to compensate for the power im-
balance caused by the circulator. To convert the BPD output
voltage (V) into timing error, the timing detection sensitivity
[K, in volts per second (V/s)] of the EOS-TD should be mea-
sured. The detection sensitivity can be determined from the
zero-crossing slope of the BPD output voltage when the PLL
is not activated, which is an error signal with frequency of
|N Frep fvcol- The lower the half-wave voltage (V) of the
EOM, the higher the microwave power applied to the EOM,
and the higher the input optical power increases the detection
sensitivity K ;. When the output from the BPD is applied to a
microwave voltage-controlled oscillator (VCO) via a loop
filter [such as a proportional-integral (PI) servo controller],
one can synchronize a microwave VCO to an optical frequency
comb. Inversely, synchronization of an optical frequency
comb to a master microwave oscillator is also possible by apply-
ing the BPD output to the repetition-rate tuning actuator [such
as a piezoelectric transducer-mounted mirror] in the comb
source.

The same EOS-TD principle can be implemented with dif-
ferent configurations. For example, a3 x 3 optical coupler-based
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Fig. 1.

Schematic of EOS-TDs. (a) Sagnac-loop-based EOS-TD with unidirectional phase bias, (b) 3 x 3 optical coupler-based EOS-TD,

() DO-MZM-based EOS-TD. VCO, voltage-controlled oscillator; BPD, balanced photodetector; EOM, electro-optic phase modulator;

VOA, variable optical attenuator.
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EOS-TD [22] [Fig. 1(b)] was demonstrated. Here, the 3 x 3 op-
tical coupler provides a 27/3 phase shift between ports, which
enables the self-biasing of the interferometer at the expense of
slightly degraded detection sensitivity. By eliminating the mag-
neto-optic component-based 7/2 bias unit in the Sagnac loop,
this configuration has the potential for realizing the EOS-TD in
an integrated photonic platform. Another EOS-TD implemen-
tation method is using a dual-output Mach—Zehnder modulator
(DO-MZM) [18,25] [Fig. 1(c)], where the phase bias (¢;) is
provided by the bias voltage (V},) applied to the modulator.
While its long-term stability is compromised by the stability
of the bias voltage, it can still provide a high detection sensitivity
and good short-term performance. As different configurations
have their own cons and pros, one can select the proper
EOS-TD method depending on the intended applications.
Note that, in this paper, we used the standard 2x2
coupler-based EOS-TDs for synchronization experiments.

3. EXPERIMENT METHODS

Figure 2 shows an overall setup of the EOS-TD-based timing
synchronization experiment. A 250 MHz mode-locked
ertbium-doped  fiber laser oscillator (FC1500-250-ULN,
MenloSystems GmbH) was used for the optical pulse source.
The optical signal goes through dispersion compensating fibers
(DCFs), which adjust the pulse duration incident at the EOM
below 1 ps for accurate electro-optic sampling. We multiplied
the pulse repetition rate using a multistage (m = 1,2,3)
Mach—Zechnder interferometer (MZI) to study the repetition-
rate dependence [32]. Note that 1-stage, 2-stage, and 3-stage
MZI corresponds to pulse repetition rates of 500 MHz,
1 GHz, and 2 GHz, respectively. The optical signal was am-
plified by a homemade erbium-doped fiber amplifier (EDFA)
to ~60 mW. To suppress the impact of relative intensity noise
(RIN), a laser diode current controller-based RIN stabilization
scheme was adopted by tapping 5% of optical power at the

RIN stabilization
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EDFA output. The amplified optical signal was divided into
two parts by a 50:50 optical fiber coupler to synchronize
the microwave oscillator to the optical pulse train (in-loop)
and, at the same time, evaluate the synchronization perfor-
mance (out-of-loop). Both EOS-TDs were constructed with
low-V, EOM:s for sensitive optical-microwave timing error de-
tection. To avoid the saturation of the balanced photodetector
at the EOS-TD output, the optical power incident at each BPD
port was adjusted to ~4 mW, which is lower than the specified
saturation power (4.5 mW) of the used BPD (Thorlabs
PDB450C).

For constructing the synchronization PLL, the output volt-
age of the in-loop EOS-TD is fed to a loop filter (LB-1005,
Newfocus), which is a PI controller. The controller output is
applied to an 8 GHz VCO (HMC-C200, Hittite), which is
used as a slave microwave oscillator. Here, the VCO frequency
should be matched to the multiples of pulse repetition rate
NV frep). The microwave signal from the VCO was amplified
by a radio-frequency (RF) amplifier (NBL00437, Nextec-RF)
to maximize the detection sensitivity of the EOS-TD. We sup-
pressed other harmonic frequency components of the VCO us-
ing an RF bandpass filter (6C52-8000/T200-O/O, K&L
Microwave). This microwave signal was split and distributed
to each EOM of the in-loop and out-ofloop EOS-TDs.
Here, to reduce the environmental effect, such as air fluctuation
and temperature change caused by an air conditioner, the exper-
imental setup was placed inside a polycarbonate shielding box.

The residual phase noise of the synchronization PLL was
evaluated by the out-of-loop EOS-TD. The voltage noise
power spectra were measured by a fast Fourier transform (FFT)
spectrum analyzer (SR760, Stanford Research Systems) and an
RF spectrum analyzer (E4440A, Keysight) for the offset fre-
quency range of 1 Hz—100 kHz and 100 kHz—10 MHz, respec-
tively, and converted to the equivalent timing and phase noise
power spectral densities (PSDs). The measurement was per-
formed at the zero-crossing of the out-of-loop EOS-TD output
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Fig. 2. Experimental setup schematic of the optical-microwave timing synchronization. DCF, dispersion compensating fiber; MZI, Mach—
Zehnder interferometer; LF, loop filter; MDL, manual delay line; BPD, balanced photodetector; PD, photodetector; EDFA, erbium-doped fiber
amplifier; RIN, relative intensity noise; LD, laser diode; VCO, voltage-controlled oscillator; BPF, bandpass filter; EOM, electro-optic phase

modulator; RF amp, RF amplifier.
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by controlling the relative optical path difference with a manual
delay line (MDL in Fig. 2) to maximize the detection sensitivity
and suppress the impact of intensity noise.

4. MEASUREMENT RESULTS

A. Effect of Bandpass Filtering of the Microwave
Signal

In this work, we first checked the effect of RF bandpass filter-
ing. Ideally, the microwave oscillator should generate a single-
tone microwave (8 GHz in this work); however, as shown in
Fig. 3(a), harmonic modes of 8 GHz, such as 16 GHz and
24 GHz, are also generated due to the nonlinearity of the os-
cillator. As the RF spectrum of the frequency comb contains the
harmonics of its repetition rate, harmonic modes of the micro-
wave oscillator (2 /) might be downconverted by its nearest
RF mode of mode-locked laser (2N f,.,) and deteriorate the
timing error signal. To minimize this effect, an 8 GHz band-
pass filter (BPF) with 200 MHz bandwidth is inserted after the
RF amplifier (see Fig. 2).

We compared the phase noise with and without the RE-BPF
for both 250 MHz and 2 GHz pulse repetition-rate cases
[Fig. 3(b)]. When the repetition rate is 250 MHz, the phase
noise PSDs at 100 kHz offset frequency without [curve (i)] and
with [curve (ii)] RF-BPF were measured to be -153 dBc/Hz
(629 zs/Hz'/?) and -169 dBc/Hz (100 zs/Hz!/?), respec-
tively. When the repetition rate is increased to 2 GHz, the cor-
responding residual phase noise without and with RF-BPF was
-165 dBc/Hz [158 zs/Hz!/?, curve (iii)] and -174.5 dBc/Hz
(53 zs/Hz!/2, curve (iv)], respectively. For both repetition-rate
cases, the phase noise is reduced by more than 10 dB when the
RF-BPF is used. This improved phase noise level corresponds
to the calculated shot-noise limit of the in-loop EOS-TD

[dashed lines in Fig. 3(b)], which is Sy, = =% (rad?® /Hz),

K
where ¢ is the charge of electron (C), 7 is the average current
at each photodiode in the BPD (A), G is the transimpedance
gain of the BPD (V/A), and K ; is the measured detection sen-
sitivity (V/rad or V/s). Note that, in this experiment, because a
higher-V, EOM is used for in-loop EOS-TD (therefore having
lower K;), the in-loop EOS-TD determines the shot-noise-
limited noise floor. From this experiment, we found that mak-
ing a single-tone microwave signal is critical for achieving
the shot-noise-limited performance of the EOS-TD-based

synchronization.

B. Optical Pulse Repetition-Rate Dependence

The repetition-rate dependence of the EOS-TD is also studied.
For this, we conducted the same experiment with different rep-
etition rates of 250 MHz, 500 MHz, 1 GHz, and 2 GHz by
changing the number of MZI pulse interleaving stages in Fig. 2.
For each case, the pulse duration at the EOS-TD input is ad-
justed to be <1 ps using different lengths of DCFs. The REF-
BPF (described in Section 4.A) is used for all cases.

Figure 4(a) shows the measured detection sensitivity (K;)
when the pulse repetition rate is increased from 250 MHz
to 2 GHz with the same average optical power incident at
the BPD (4 mW to each photodiode). The measured detection
sensitivity of out-of-loop EOS-TD is 14 V/rad (0.7 mV/fs),
17 V/rad (0.85 mV/fs), 24 V/rad (1.2 mV/fs), and 30 V/rad
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Fig. 3. (a) RF spectrum of the 8 GHz VCO output without (black)
and with RF bandpass filtering (red). (b) SSB residual phase noise at
8 GHz carrier [curve (i), curve (iii)] without and [curve (ii), curve (iv)]
with the RF bandpass filter when repetition rate is 250 MHz and
2 GHz, respectively. Here, the dashed line is the shot limit of the
in-loop EOS-TD.

(1.5 mV/fs) for 250 MHz, 500 MHz, 1 GHz, and 2 GHz rep-
etition rates, respectively. The repetition-rate dependence of de-
tection sensitivity is due to the increase of effective RF mode
power at 8 GHz of optical pulse train. The error signal from the
BPD output, an aliased VCO signal, can be treated as the
downconversion of microwave signal by the interaction with
the nearest RF mode of the optical pulse train. Therefore,
to enhance the SNR of this error signal, increasing the nearest
mode power of optical pulse train at /g is required. As the
RF mode power increases for higher-repetition-rate pulses, the
detection sensitivity increases. We believe that the detection
sensitivity will be saturated at some point as the BPD is satu-
rated above a certain mode power threshold.

Figure 4(b) shows the measured SSB phase noise floors for
different repetition-rate conditions, where curves (i), (ii), (iii),
and (iv) correspond to the residual phase noise floor with pulse
repetition rate of 250 MHz, 500 MHz, 1 GHz, and 2 GHz,
respectively. The residual phase noise at 100 kHz offset fre-
quency decreases from -168 dBc/Hz (112 zs/Hz'/?) to
~170 dBc/Hz (89 zs/Hz'/?), -172.5 dBc/Hz (67 zs/Hz!'/?),
and -174.5 dBc/Hz (53 zs/Hz'/?) when the repetition rate
increases from 250 to 500 MHz, 1 GHz, and 2 GHz. These
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measured noise levels agree fairly well with the computed shot-
noise-limited levels [Sy,oc(f)].

Figure 5 shows the measured SSB residual phase noise and
integrated rms timing jitter of the EOS-TD-based timing syn-
chronization when both the RE-BPF and three-stage MZI are
employed. Curves (i) and (ii) show the free-running VCO
phase noise and the residual phase noise for comb-microwave
synchronization, respectively. The residual phase noise at
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Fig.5. SSB phase noise at 8 GHz carrier and integrated timing jitter
with the experimental setup of Fig. 1. Curve (i) denotes the phase
noise of free-running VCO, curve (ii) denotes the phase noise after
timing synchronization, and curve (iii) denotes the measurement back-
ground of the out-of-loop EOS-TD. The dashed line is a calculated
shot-noise limit of the in-loop EOS-TD. The red line at the bottom
graph indicates the integrated timing jitter of curve (ii).

8 GHz carrier reaches -174.5 dBc/Hz at 100 kHz offset fre-
quency, which corresponds to 53 zs/Hz!/? timing jitter PSD.
Owing to this low residual phase noise, the rms integrated tim-
ing jitter was 88 as (1 Hz—1 MHz) [2.68 fs (1 Hz—10 MHz)].
The phase noise floor is mostly limited by shot noise from the
BPD detecting the in-loop EOS-TD output (dashed line in
Fig. 5). In the frequency range below 1 kHz, the measurement
limit of out-of-loop EOS-TD dominates. At the high offset fre-
quency above 1 MHz, there is a strong resonant peak caused by
the limited phase margin and free-running VCO phase noise
that is much higher than the EOS-TD noise floor.

C. Impact of the Lead Compensator

As mentioned in the previous section, the high resonance peak
caused by the control loop makes large integrated timing jitter
for a higher integration frequency range. Therefore, we de-
signed an additional lead compensator to increase the phase
margin at a few megahertz (MHz), which leads to a lower res-
onance peak. The lead compensator was designed using passive
components, including a resistor and a capacitor, and placed
before the loop filter. For the experiment, the RF-BPF and
three-stage MZI were used.

The measurement results are shown in Fig. 6. Curves (i) and
(ii) indicate the SSB residual phase noise with and without the
lead compensator, respectively. For comparison, the phase noise
of the free-running VCO is also shown [curve (iii)]. As there is
no change in the in-loop measurement noise floor, two data
have the same phase noise of ~174.5 dBc/Hz (53 zs/Hz!/?)
at 10 kHz offset frequency. However, by the effect of the lead
compensator, the resonance peak is reduced to -155 dBc/Hz
(500 zs/Hz!/?), which is improved by ~20 dB compared to
the case without the lead compensator. We also compared
the corresponding integrated timing jitter for each case, which
is shown in the bottom figure. When the lead compensator was
applied, the integrated timing jitter was 716 as over 10 MHz
integrated bandwidth, which was improved by a factor of 3.7.
The resonance peak level and the control bandwidth can be also
improved by using a microwave oscillator with lower free-run-
ning phase noise and/or higher frequency modulation

bandwidth.
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D. Long-Term Stability Evalution

The long-term stability of the EOS-TD-based optical-micro-
wave timing synchronization system was evaluated (Fig. 7).
Note that this experiment was conducted with the RF BPF
and the three-stage MZI. The relative timing error was acquired
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bility (overlapping Allan deviation).

by monitoring the out-of-loop EOS-TD output using a data
acquisition board with 100 Hz sampling rate. Note that we
placed the experimental setup (except the comb source) inside
a polycarbonate shielding box to isolate the external effects such
as temperature change and air fluctuations. For the long-term
measurement, we turned on the entire setup and waited for ~1
day to reach the steady state at temperature inside the shielding
box. The resulting temperature stability is shown in Fig. 7(a),
where the temperature varied over ~0.06-0.2 K peak to peak
(0.015-0.059 K rms) over 12 h.

We first used the same test condition as that for obtaining
the short-term measurement results (Figs. 3—6). As can be seen
in Fig. 7(c), there is an instability bump around 0.2-20 s aver-
aging time (the “with EDFA” case). Note that similar bump in
this time scale was also observed and reported by other previous
research, and it was attributed to technical noise induced by
feedback control [33,34]. In this work, we carefully examined
the possible causes of the frequency instability bump in our
synchronization system and found that gain condition of the
EDFA pump’s thermoelectric cooler (TEC) control was the pri-
mary cause. Thus, we also evaluated the long-term synchroni-
zation performances without the EDFA. Comparisons of the
timing drift over 12 h, the equivalent phase noise PSD down
to 1 mHz offset frequency, and the frequency instability over
10,000 s averaging time are shown in Figs. 7(a), 7(b), and 7(c),
respectively.

First, as shown in Fig. 7(a), removing the EDFA greatly re-
duces the thickness of the timing drift data, owing to signifi-
cantly reduced noise in the 0.2-20 s time scale. The integrated
rms timing drift over 12 h is 319 as (without EDFA) and 330 as
(with EDFA). The temperature of the EOS-TD was also moni-
tored and maintained within 0.06-0.2 K over 12 h. As the
measured timing drift shows a certain degree of correlation with
the temperature (with ~-0.75 corrrelation coefficient for the
“without EDFA” case), we believe that the major limiting factor
for the long-term drift over several hours is the temperature
drift of the synchronization system.

Figure 7(b) shows the residual phase noise and integrated
jitter extended down to 1 mHz offset frequency. When the
EDFA is used, a bump in phase noise in the 2 mHz—1 Hz range
is clearly visible, which corresponds to the thick timing
drift data [in Fig. 7(a)] and bump in frequency instability
[in Fig. 7(c)]. By removing the EDFA, the bump in the
2 mHz-1 Hz frequency range is removed, and the phase noise
follows a slope of ~10 dB/decade down to <200 mHz. This
corresponds to the flicker noise of -137 dBc/Hz at 1 Hz,
which might be originated from the BPD in the EOS-TD.
Note that, when the EDFA is not used, due to the limited input
optical power to the EOS-TD, the high-frequency white phase
noise floor becomes worse from -174.5 to -163 dBc/Hz.
Thus, there is a trade-off between the high-frequency noise
floor and the low-frequency noise bump when using the
EDFA in the synchronization setup.

In Fig. 7(c), the relative timing error was also converted
into fractional frequency instability in terms of overlapping
Allan deviation. Fractional frequency instability reached
4.7 x1072° (3.6 x 107%) over 10,000 s averaging time with
EDFA (without EDFA). As discussed earlier, a bump in the
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0.2-20 s averaging time could be removed by eliminating the
EDFA and follows the inverse of averaging time up to ~200 s.
Compared with one of the state-of-the-art optical-to-micro-
wave links [35], this method shows comparable (with
EDFA) or ~8 times better (without EDFA) fractional fre-
quency instability at 100 s. Overall, the use of EDFA increases
the optical power and leads to better short-term performance.
On the other hand, the instabtiliy caused by the pump diode
controller for the EDFA generates additional noise in the
0.2-20 s time scale, and therefore removing the EDFA can en-
hance the long-term frequency stability. More stable tempera-
ture environment around the pump laser diode and better
active temperature control may further improve the frequency

stability.

5. CONCLUSION

In summary, we have demonstrated the shot-noise-limited
performance of the EOS-TD-based synchronization between
an optical frequency comb and a microwave oscillator,
which enabled unprecedented residual phase noise floor of
-174.5 dBc/Hz at 8 GHz carrier frequency (i.e., 53 zs/Hz!/?
timing noise floor), integrated rms timing jitter of 88 as (1 Hz—
1 MHz), minimum rms timing drift of 319 as over 12 h, and
frequency instability of 3.6 x 1072° over 10,000 s averaging
time. We identified that bandpass filtering of the microwave
signal and optical pulse repetition-rate multiplication are criti-
cal for achieving this performance. The demonstrated method
shows excellent comb-microwave synchronization performance
for both short-term resolution and long-term stability, which
will be useful for various fields such as ultrafast X-ray and elec-
tron science instrumentation, radio astronomy, telecommuni-
cations, and precision metrology.
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