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Coherent Photonic Processing of Microwave Signals
Using Spatial Light Modulators: Programmable
Amplitude Filters
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Abstract—This paper presents a novel coherent optical signal
processing approach for synthesis of programmable microwave
amplitude filters over an ultrawideband. The authors’ scheme
relies on a programmable hyperfine optical filter implemented
in a pulse-shaping geometry, which provides arbitrary, user-
defined amplitude-filtering functions over a 50-GHz bandwidth
with resolution better than 0.7 GHz. In contrast to previous work
on discrete time optical processing of microwave signals, their
approach allows direct synthesis of microwave filter functions in
spectral domain without computing filter coefficients, which is
needed for a discrete-time-domain approach.

Index Terms—Microwave photonics, optical filters, optical sig-
nal processing, pulse shaping.

I. INTRODUCTION

HOTONIC processing of microwave signals has been ex-

plored for nearly 30 years [1]-[4]. In general, microwave
signals are imposed onto an optical carrier, manipulated directly
in the optical domain, and then converted back into the mi-
crowave domain through optical-to-electrical (O/E) receivers
[photodiodes (PDs)]. Compared to conventional electronic
processing, advantages of photonic processing include ultra-
wide bandwidth, immunity to electromagnetic interference,
flexibility, etc., which bring attractive applications prospects
in microwave and millimeter wave engineering [5], [6]. Pre-
vious approaches have been referred to as discrete-time optical
processing of microwave signals (DOPMSs) [1], which can be
modeled as tapped nonrecursive (finite impulse response) or
recursive (infinite impulse response) digital filters. Generally,
DOPMS can be classified into two operation regimes: coherent
processing based on addition of fields, with laser coherence
time (7.) > tap delay (7'), and incoherent processing (7. <
T') based on addition of powers. Since coherent DOPMS is very
sensitive to environmental conditions [4], incoherent DOPMS
has been widely applied. Two main schemes to implement
delay lines for incoherent DOPMS are classical fiber delay-
line filters and fiber grating delay-line filters [7], [8]. Incoherent
DOPMS in its early incarnations provided only positive filter
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coefficients, which limits the ability to achieve flat filtering
bands and sharp transitions. Consequently, much recent effort
has been focused on realization of incoherent DOPMS architec-
tures providing negative filter coefficients. Recent results may
be found in references [9]-[14]. Another important direction in
incoherent DOPMS research aims at realization of filters with
large numbers of taps, particularly in configurations compatible
with flexible reprogramming. Furthermore, most experimental
realizations of incoherent DOPMS provide free spectral ranges
(FSRs) (FSR ~ 1/T) of only several gigahertz. This is not a
fundamental limitation of DOPMS but is subject to the practical
requirement to implement small tap delays with sufficient preci-
sion. A fixed eighteen-tap filter with 10-GHz FSR implemented
using advanced fiber-Bragg-grating-fabrication methods was
reported in [15]. Large FSRs of at least 10 GHz will be useful
for applications such as ultrawideband (UWB) wireless [16].
In addition to research on incoherent DOPMS, some work
on filters based on coherent optical processing using tapped
waveguide delay-line structures has been reported [17], but
further development is needed.

In this paper, we introduce a novel coherent processing
scheme based on an optical parallel filtering in the frequency
domain in conjunction with optical heterodyning, rather than
the traditional tapped delay-line approach. As a result, we
are able to demonstrate filters with nearly flat-topped pass-
band response and with sharp transitions that can be placed
anywhere within a microwave band up to 20 GHz (higher
operating bandwidths are possible). We also demonstrate
a full programmability that allows realization of reconfig-
urable and essentially arbitrary microwave amplitude filters
over the 20-GHz band. The frequency domain optical filter-
ing is implemented using programmable pulse-shaping tech-
niques [18], that are for the first time extended to hyperfine
(~ 500 MHz) spectral resolution through the use of a virtu-
ally imaged phased array (VIPA) spectral disperser [19]. Our
spectral domain pulse-shaping architecture provides a fully
coherent optical processing without significant sensitivity to
environment conditions. The resultant microwave filter allows
essentially arbitrary amplitude filtering over a microwave band
from below 1 to 20 GHz with 500-MHz resolution under a
programmable control. Comparable capability has not been
previously reported, to the best of our knowledge.

The remainder of this paper is structured as follows. A theo-
retical analysis is presented in Section II. Section III introduces
the experimental setup. Section IV discusses our experimental
results on optical amplitude filtering. Section V discusses our
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Fig. 1. (a) Experimental setup for photonic processing of microwave sig-

nals. Tunable laser source (TLS) and erbium doped fiber amplifier (EDFA).
(b) Optical spectral sketch to illustrate the general principle of photonic
processing.

experimental results on microwave amplitude filtering. We
conclude in Section VI.

II. THEORETICAL DISCUSSIONS

Fig. 1 shows our setup to implement coherent photonic
processing of microwave signals via programmable hyper-
fine optical spectral filtering. A continuous wavelength (CW)
optical carrier is passed through a Mach—Zehnder intensity
modulator (MZM) driven by the microwave input signal. Here,
we consider the case of input microwave signals that are
single-frequency tones. This is appropriate for comparison to
the swept-frequency measurements used in experiments. The
modulator output field has a double-sideband format. Optical
filtering suppresses one sideband while passing the carrier and
the other sideband. The amplitude of the remaining sideband is
manipulated by the programmable hyperfine optical filter. The
result is converted back to a microwave signal by heterodyne
beating with the carrier on a fast PD.

If we assume that the microwave tone signal is applied to a
single arm of the Mach—Zehnder modulator, the output optical
field E(t) can be described by

E(t)  Re {ejwct + ej[wct+6+7rAcos(Qt)/Vﬂ]} (1)

where Re{} indicates the real part, w, is the optical carrier

frequency, 6 = wV4,/V; is the phase shift caused by the dc bias

Vi, Vz is the minimum transmission voltage parameter of the

modulator, and A cos(§2t) is the input microwave tone signal.
The Taylor series expansion in 7A/V}; is

. . A
E(t) x Re{e]“’ct + e (wettd) 1] 4 j% cos(t)

]} e
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where 1A/V, < 1isrequired to make sure the series expansion
converges.
For a small signal modulation (7A/V, < 0.1), we focus on

linear modulation (ignoring the second or higher order terms in
the expansion). The first order approximation of E(t) is

E(t) x Re {ejcuct + ¢l (wet+9) |:1 + ‘]7‘1—/—14 COS(Qt):| } 3)

™

which is equivalent to

E(t) x Re{ [ej‘““t + ej(w“‘t‘“;)} + j%ej(‘”“”m“s)

TA
+j2‘/e](wct—ﬂt+5)}. (4)

Now, we assume that an optical filter suppresses one side-
band while modifying the amplitude of the remaining sideband.
The result is

E(t) x Re{ {ejwct + ej(wct+6)}

. TA
+jv(we + Q)ﬁej( °t+m+5)} (5)

where ~y(w. + §2) represents the frequency dependent ampli-
tude transmission coefficient. Although in general, the fre-
quency dependent transmission coefficient of the optical filter
can be complex, here we specialize to amplitude filtering (7 is
real, 0 < y(we + Q) < 1). Phase filtering will be considered
elsewhere. In our treatment, we assume that the higher fre-
quency (shorter wavelength) sideband is chosen. Note however
that in general either one of the two sidebands can be chosen.
The PD current output is

i(t) o I(t) o (E*(t))

2
" o 2cos?(8/2) + WA}

(@

1
2
TA .

- cos(5/2)7m(§2)7 sin(Qt +06/2)  (6)

where i(t) is the PD current and I(¢) is the optical intensity
averaged over the oscillations of the optical carrier. Please note
that we assume a linear PD: The current is proportional to the
input light intensity. For simplicity, we have introduced the
notation ¥y, (2) = v(w. + ). The voltage signal consists of a
dc component as well as a filtered ac signal. For the ac signal,
(6) represents an amplitude filter with spectral response v, (€2).

According to expression (6), a sufficient condition to have a
nonzero signal u(t) is that cos(d,/2) is not equal to zero, and this
requires 6 = wV4/V;: not to be odd multiples of 7. In fact, this
condition means that we must maintain a certain optical carrier
at the modulator output, which is required for heterodyne beat-
ing. A large magnitude of optical sideband is favorable to obtain
a large microwave signal, but it is limited by the condition
for modulation linearity, i.e., TA/V; < 0.1. According to (6),
biasing the modulator for a large magnitude of optical carrier
is also favorable to obtain a large microwave signal. How-
ever, this changes in the case of a saturated optical amplifier
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(as in our experiments). For a strongly saturated amplifier,
one can show that in order to maximize the ac signal in (6),
the carrier and the sideband should have approximately equal
power in the link, i.e., | cos(6/2)| &~ wA/V,.. Our experiments
are adjusted to satisfy this condition. Thus, for simplicity we
ignore gain in above discussion.

III. EXPERIMENTAL SETUP

Our experiments on photonic-assisted microwave filtering
use a tunable laser with linewidth below 0.1 pm (~ 12.5 MHz)
as the optical carrier. A MZM with an electrical —3 dB pass-
band > 30 GHz is used to modulate the microwave signal onto
the optical carrier. The modulator has a single electrode input
and a minimum transmission voltage V; ~ 5.0 V. The input
microwave tone from a network analyzer is swept from 0.05
to 20.05 GHz (instrumental limit) at a step of 0.05 GHz with
a constant RF power level at —5 dBm corresponding to an
amplitude voltage of 0.18 V for 50-Q2 impedance (7 A/V, =
0.11). The modulator is biased for double-sideband modulation
with partial carrier suppression, where the carrier is main-
tained at approximately the same power level as the modu-
lation sidebands. After being amplified by an erbium-doped
fiber amplifier (EDFA) to a total power ~ 5 dBm, the signal
passes through the programmable optical filter (discussed in
the following). The output is a single-sideband signal with
carrier, with one sideband suppressed by the optical filter by
> 25 dB (for sideband frequencies > ~ 0.6 GHz, discussed in
filtering results). Simultaneously, the remaining single sideband
is also processed by the optical filter; this is a key concept
for out photonic filtering scheme. A second EDFA is used to
amplify the input optical power into the fast PD, which has
an electrical —3-dB bandwidth of ~ 60 GHz. The microwave
signal is recovered by heterodyne beating via the fast PD. Fi-
nally, the output microwave signal is measured by the network
analyzer.

Fig. 2 shows the setup of our programmable optical filter. The
filter is implemented using a reflective geometry pulse shaper,
where a VIPA rather than a grating is used as the optical spectral
disperser. The VIPA has a FSR of 50 GHz (0.4 nm) at 1.55 pm.
It can provide a large angular dispersion > 3°/nm as well as
an ultranarrow bandwidth when used as a demultiplexing filter
(—3-dB bandwidth of ~ 0.7 GHz at 1.55 pm). We previously
demonstrated this narrow linewidth feature in implementing a
fixed hyperfine wavelength demultiplexer with channel spacing
of ~ 3 GHz [20]. The VIPA has also been used in a pulse-
shaping geometry with mechanically tuned slits as a blocking
filter with a narrow skirt of ~ 1000 dB/nm, which we have
exploited in optical single-sideband-modulation experiments
[21]. Using these VIPA-based filters, we have also previously
demonstrated a novel multiple-channel hybrid subcarrier multi-
plexing (SCM)-WDM fiber communication system [22], where
very narrow WDM channel spacings of ~ 3 GHz were
achieved. Another group has used a VIPA in a reflection pulse
shaper together with fixed phase masks, in order to demon-
strate optical code-division multiple-access phase encoding
with 5-GHz frequency resolution [23]. Our group has recently
achieved the first implementation of an electronically program-
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mable VIPA-based pulse shaper incorporating a liquid-crystal
spatial light modulator (SLM) [24], which we configured for
spectral phase control. In that work, using a 400-GHz FSR
VIPA, the spectral resolution was on the order of a few tens
of gigahertz. In the current paper, we demonstrate the first
VIPA-based pulse shaper using an SLM for programmable
spectral amplitude control. Compared to [24], we now achieve a
substantially better spectral resolution of 500-700 MHz, which
is a key enabler for the programmable microwave-filtering
application.

In our implementation of Fig. 2, the input is linearly po-
larized in x and incident into the VIPA with ~ 2.5° incident
angle. The input optical frequency components are dispersed
by the VIPA and collimated by a cylindrical lens (CYL) with
a focal length of 300 mm. A standard programmable SLM is
placed at the back focal plane of the focusing lens. The liquid-
crystal SLM comprises 128 pixels, with pixel-to-pixel spacing
of 100 pm. A flat mirror very close to the SLM reflects the
light that then double passes through the SLM. Theoretically, a
dispersion-free setup can be achieved with proper VIPA-lens
separation. For amplitude modulation, we insert a polarizer,
e.g., an x-polarizer (not shown in Fig. 2), between the col-
limator and the CYL preceding the VIPA. With appropriate
programming, the SLM rotates a linearly x-polarized input
to a linearly y-polarized output after a double pass, so an
OFF state results when the return light passes through the polar-
izer. States between ON and OFF can also be generated (gray-
level amplitude attenuation) as desired by programming the
SLM. Reprogramming speed is dictated by the SLM response,
which is on the order of tens of milliseconds scalable down to
perhaps milliseconds for the liquid crystal displays commonly
used in pulse shaping [18].

IV. OPTICAL AMPLITUDE FILTERING

Before characterizing the microwave-filtering response of
our entire system, we first report measurements of the pro-
grammable optical filter. As described in the previous section,
our setup is the first fully programmable hyperfine optical filter
using an SLM in a VIPA-based pulse shaper.

First, a blocking filtering is needed to generate a single-
sideband signal from the original double-sideband format by
suppressing one of the sidebands. In our scheme, we use a
single VIPA-based pulse-shaper setup both to suppress one
sideband and to control the amplitude of the retained sideband.
In this scheme, half of the VIPA filter’s FSR is needed for
sideband suppression, and this leaves half of the FSR available
for programmable filtering. The measurements here are taken
by sweeping the tunable laser source with a step of 1 pm
(125 MHz). Fig. 3(a) shows the optical power transmission by
turning on pixels #40—#75. The result is an optical bandpass
filter with ~ 25-GHz bandwidth and sharp edges. The optical
carrier wavelength is located around 1550 nm, corresponding
to pixel #75 of the SLM. In fact, as the network analyzer used
in our measurements works only up to 20 GHz, only pixels
#45—4#75 corresponding to ~ 20-GHz bandwidth are used. The
contrast ratio (between the passband and the background) is
> 25 dB, which is also the maximum sideband suppression
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Characterizations of programmable optical filters based on a virtually imaged phased-array. (a) Transmission response with pixel #40—#75 turned on,

(b) single pixel response versus double or triple continuous adjacent pixels’ response, (c) single pixel response at three continuous adjacent pixels, respectively,

and (d) an example of optical comb filtering.

ratio. The remaining background level is mainly attributed to
nonideal reflections in the filter after circulator port 2, such
as a slight reflection from the input face of the VIPA. The
total fiber-to-fiber insertion loss is ~ 15 dB (including ~ 2 dB
circulator loss) but may be reduced to ~ 8 dB in theory.
Although not shown in the figures, the transmission repeats
periodically with period of ~ 50 GHz (~ 0.4 nm). Fig. 3(b)
and (c) shows an optical power transmission spectra for ex-
amples where only a few pixels are turned on; this is used to
measure the spectral resolution of the optical filter. In Fig. 3(b),
passbands consisting of one, two, or three pixels are turned
on at two separate wavelengths. The transmission with only
one pixel reaches approximately the same level as that with
two or three adjacent pixels turned on. This indicates that each
pixel is resolved and can independently control a small band of
wavelength components. In Fig. 3(c), the filter is programmed
for two separated passbands, where each is one-pixel wide. The
three different curves are similar except for shifts of —1, 0, or
1 pixel, respectively. The pixel-to-pixel spacing is 0.5-0.7 GHz,

and the —3-dB bandwidth of a one-pixel-wide passband filter
is 0.5-0.625 GHz. The average angular dispersion is ~ 4° /nm
corresponding to an average pixel-to-pixel channel spacing
of ~ 0.6 GHz. These optical filter properties will limit the
finest resolution that can be attained in microwave filtering to
500 MHz since there is a direct mapping from optical to
microwave filtering. Fig. 3(d) is an example that illustrates the
general programmability of our optical filters. Here, the filter
consists of multiple flat-topped passbands (three pixels each)
separated by sharp notches (two pixels each). The channel
spacings are obviously nonuniform, which is expected, given
nonlinearity in the VIPA’s spectral dispersion law, which has
been studied in our previous work [25].

V. MICROWAVE AMPLITUDE FILTERING

The programmable optical filtering capabilities demonstrated
in Section IV can be directly mapped to the microwave domain
via heterodyne conversion. The results in a microwave filter
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spectral range 3.1-10.6 GHz.

functionality that can be measured through the network ana-
lyzer. Fig. 4 shows two examples of the mapping from optical
filter to microwave filter. The power transmission responses
are plotted over a 20-GHz band. (The power transmission is
normalized for comparisons; the minimum microwave insertion
loss is ~ 8 dB for the filters implemented in our current
setup). Fig. 4(a) shows an optical filter with multiple flat-
topped passbands, different passband widths and spacings, and
sharp transitions. Fig. 4(b) shows the corresponding microwave
filter response after the heterodyne conversion. The similarity
is very clear. Fig. 4(c) is an example of a band stop or notch
optical filter, and Fig. 4(d) is the corresponding microwave

Microwave Transmission Filtering

% Step~ 070G

10 15 20
(b)

Engineerable microwave filtering. (a) Microwave bandpass filtering with stepped response and (b) microwave bandpass filtering compatible to UWB

filter response after the heterodyne conversion. Both exhibit
a similar notch with a bandwidth ~ 1 GHz. Two additional
examples of programmable-engineered microwave filters are
shown in Fig. 5. The transmission is also normalized. Fig. 5(a)
is an example of stepped bandpass microwave filtering with
a flat-topped response, where the step depth can be easily
controlled by programming. Starting with a filter with a flat
~ 10-GHz passband as a reference (dotted curve), we pro-
gram in two steps that drop down by ~ 10 dB symmetri-
cally within the passband. With our programmable approach to
photonic filtering, microwave-filtering functions can be easily
engineered for specific applications. Fig. 5(b) is an example
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of amplitude passband filtering that approximately conforms
to the 3.1-10.6 GHz UWB band defined by the Federal
Communications Commission (FCC) [16]. The edges of the
passband can be tuned at a minimum step of 0.5-0.7 GHz
corresponding to the adjacent pixel spacing discussed in
Section I'V.

It is interesting to briefly discuss the phase response of our
photonically implemented microwave filters. As is evident from
(6), the microwave and optical phase response are directly
linked. Since optical pulse shapers can be set up to be dispersion
free [18], we expect the microwave response to exhibit linear
phase. Fig. 6(a) shows the microwave amplitude response when
the SLM is programmed for full transmission; the response is
nearly flat, similar to the optical intensity response in Fig. 3(a).
Fig. 6(b) shows the corresponding microwave phase response,
with the linear phase subtracted for clarity of illustration. As
expected, the phase is nearly flat over a full 20-GHz range.
Similar results are obtained for the structured microwave filters
of Figs. 4 and 5: Close to flat phase is observed within the
passbands of all the filters investigated.

One point to be pointed out is that a low pass transmission
always exists below 600 MHz or so in Figs. 4(b) and 5. This
residual low pass response is mainly the passband of a single
pixel that must be turned on to pass the carrier (required for het-
erodyne beating). Although the lowpass transmission may be
partially suppressed via some fine tunings in our experiments,
i.e., Figs. 4(b) and 5(a), a different scheme is needed to cancel
it fundamentally. One approach is simply to use an electrical dc
blocking filter.

In addition to flexible implementations of various
microwave-filter-response functions as we have discussed,
the gain of the filter is another important parameter in practical
applications. One important merit of photonic-assisted filtering
is that wideband optical amplification (EDFA) can be used
in the photonic loop to improve the microwave gain, subject
of course to additional noise resulting from the amplification
process. Progress in optical devices optimized generally for
microwave photonics applications can also be exploited to
enhance our coherent photonic microwave-filtering scheme. For
example, modulators with high linearity as well as low driving
voltage are desirable, as are PDs with high responsitivity and
high-current handling capabilities. By employing state-of-the-

art microwave photonic devices, our approach should be able
to provide coherent photonic processing of microwave signals,
both with great flexibility and easy reconfigurability and with
high efficiency.

VI. CONCLUSION

We have demonstrated a novel scheme for photonic process-
ing of microwave signals, which is fundamentally different
from previous approaches (DOPMS) pursued over more than
two decades. Our approach is based on a programmable hyper-
fine optical spectral filter, which uses a SLM within a reflective
Fourier transform pulse-shaper geometry to provide arbitrary
user-defined filtering functions over a 50-GHz optical band
with resolution better than 0.7 GHz. Heterodyne conversion
yields a microwave output, where the optical filter function is
directly downshifted to microwave frequencies. In contrast to
previous work, our approach uses the optical signals in a fully
coherent way and implements filters directly in the spectral
domain rather than the traditional discrete time domain. We
have presented several examples demonstrating microwave-
filtering functions over a 20-GHz band. Our results include
filters with flat-topped and nonperiodic spectral responses and
with low-side lobes over the full 20-GHz band.
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