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Nonuniformly Spaced Photonic Microwave
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Abstract—A finite impulse response (FIR) filter for microwave
signal processing implemented based on an optical delay-line
structure with uniformly spaced taps has been extensively in-
vestigated, but the realization of such a filter with negative or
complex tap coefficients to provide an arbitrary frequency re-
sponse is still a challenge. In this paper, an overview of photonic
microwave delay-line filters with nonuniformly spaced taps, by
which an arbitrary bandpass frequency response can be achieved
with all-positive tap coefficients, is presented. We show that the
nonuniform time delays provide equivalent phase shifts to the
tap coefficients, while the all-positive-coefficient nature simplifies
greatly the filter realization. Based on the theory, a 50-tap flat-top
bandpass filter with a quadratic phase response is designed and
analyzed. A seven-tap nonuniformly spaced photonic microwave
filter with a flat-top and chirp-free bandpass response is then
demonstrated. The use of the proposed technique for advanced
microwave signal processing is then discussed. The generation of a
chirped microwave signal and a phase-coded microwave signal are
discussed and demonstrated. The use of the proposed technique
to design a FIR filter for microwave matched filtering is also
discussed and experimentally demonstrated.

Index Terms—Finite impulse response (FIR), microwave pho-
tonics, nonuniformly spaced sampling, optical processing of mi-
crowave signals.

I. INTRODUCTION

P ROCESSING OF microwave signals in the optical domain
has been a topic of interest for many years [1], [2]. The

key advantage of using photonics techniques is the high speed,
which overcomes the inherent bottleneck caused by the limited
sampling rate of currently available digital electronics. In ad-
dition, a photonic microwave signal processor provides other
advantages such as large tunability and reconfigurability, low
loss, light weight, and immunity to electromagnetic interfer-
ence [1], [2]. Among the many processor configurations, the
one with a finite impulse response (FIR) is the most popular
configuration thanks to the simplicity and implementability in
the optical domain, which has been pursued intensively in the
past few years. In a FIR filter, the input signal is time delayed,
weighted, and then summed as the output. To avoid optical inter-
ference, a photonic microwave FIR filter is usually designed to
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operate in the incoherent regime, which leads to all-positive co-
efficients or special designs have to be incorporated to generate
negative or complex coefficients. It is known that a FIR filter
with all positive coefficients can provide very limited function-
alities. In practice, it is often desired that the filter has a band-
pass response with flat top and sharp transition bands. To do so,
negative or complex coefficients are required. In addition, for
advanced microwave signal processing, a FIR filter with a so-
phisticated phase response, such as a quadratic phase response,
is usually required, which leads to the requirement for negative
or complex coefficients. As a result, techniques to generate neg-
ative and complex tap coefficients in a photonic microwave FIR
filter are highly desirable.

Many techniques have been proposed and demonstrated to
implement an incoherent photonic microwave FIR filter with
negative or complex coefficients. One straightforward approach
to generating negative coefficients is to perform differential de-
tection using a balanced photodetector (PD) [3]. Other tech-
niques to generate negative coefficients include the use of cross-
gain modulation (XGM) [4] or cross polarization modulation
(XPolM) [5] in a semiconductor optical amplifier (SOA), carrier
depletion effect in a distributed-feedback laser diode (LD) [6]
or in a Fabry–Pérot LD [7], and the use of the transmission of a
broadband source through uniform fiber Bragg gratings (FBGs)
[8]. Negative coefficients can also be generated by biasing a pair
of Mach–Zehnder modulators (MZMs) at the opposite slopes of
the transfer functions to achieve amplitude inversion [9], or by
using a single dual-output MZM with a double-pass modula-
tion [10]. Recently, we have proposed to implement a photonic
microwave FIR filter with negative coefficients based on phase
modulation to intensity modulation (PM-IM) conversion in an
optical frequency discriminator [11], [12]. Depending on the lo-
cations of the optical carriers at the positive or negative slopes
of the frequency discriminator, positive or negative coefficients
are generated.

The implementation of a photonic microwave FIR filter
with complex coefficients has also been recently demonstrated.
In [13], a complex coefficient was generated using a system
consisting of three PDs and two broadband phase-shifted mi-
crowave couplers. In [14], the system consists of two MZMs
and a broadband 90 phase shifter [14]. Since electronic phase
shifters were used, the above systems were not all optical,
but hybrid. In [15], an all-optical approach to generating a
complex coefficient was proposed. The complex coefficient
was generated by changing the phase of the microwave signal
realized based on a combined use of optical single-sideband
modulation (SSB) and stimulated Brillouin scattering (SBS).

Based on the above overview, we may conclude that to im-
plement a photonic microwave FIR filter with negative or com-
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plex coefficients, the filter should have a complicated structure,
which is hard to implement, especially for a filter with a large
number of taps.

Recently, we have proposed a new concept to introduce a
phase shift to a microwave signal based on optical time delay
by which the phase coding of a microwave pulse, which should
generally be achieved by a microwave FIR filter with complex
coefficients, was realized using a FIR filter having all positive
coefficients, with the phase information encoded by the time de-
lays [16]. The same concept has recently been applied to the
design of a flat-top photonic microwave filter [17], to the gener-
ation of a chirped microwave pulse [18], and to the implemen-
tation of a microwave matched filtering [19]. In all the appli-
cations, the tap coefficients are kept positive only. Our demon-
strations showed that the FIR filters having all-positive coeffi-
cients with nonuniformly spaced taps can achieve equivalently
the functionalities that require negative or complex tap coeffi-
cients. Although the concept of the time-delay-based phase shift
has been demonstrated, until now a thorough theory, to show
the relationship between the nonuniform sampling and the filter
spectral response, has not been established.

In this paper, an overview of photonic microwave delay-line
filters with nonuniformly spaced taps, by which an arbitrary
bandpass frequency response can be achieved with all-positive
tap coefficients, is presented. We start with a theoretical study
on the design of a nonuniformly spaced microwave FIR filter.
We show that a nonuniformly spaced microwave FIR filter with
all positive coefficients would function the same as a regular
uniformly spaced FIR filter with true negative or complex co-
efficients, or more accurately, the spectral response of a spe-
cific passband of a nonuniformly spaced microwave FIR filter
would be exactly identical to that of a microwave FIR filter with
true negative or complex coefficients. A mathematical expres-
sion that relates the required nonuniform sampling, i.e., the time
delays or equivalently the coefficients of the taps, and the re-
quired arbitrary bandpass response is developed. As a design
example, a 50-tap flat-top bandpass filter with a quadratic phase
response is designed. A seven-tap nonuniformly spaced pho-
tonic microwave filter with a flat-top and chirp-free bandpass re-
sponse is then experimentally demonstrated [17]. The proposed
technique is particularly useful for advanced microwave signal
processing, such as chirped and phase-coded microwave pulse
generation and microwave pulse compression, since the specific
passband can be designed to be exactly identical to that of a mi-
crowave FIR filter with true negative or complex coefficients. A
discussion on the use of the proposed technique for the gener-
ation of a chirped [18] and phase-coded microwave pulse [16]
and for the implementation of microwave matched filtering [19]
is reviewed. Experimental demonstrations are then performed.

This paper is organized as follows. In Section II, the theory
of a nonuniformly spaced FIR filter is presented and an expres-
sion that relates the nonuniform sampling and the filter spec-
tral response is established. In Section III, a design example is
provided in which a 50-tap FIR filter with a flat-top passband
and a quadratic phase response is designed. Some issues as-
sociated with the filter design are addressed. An experimental
demonstration is then provided, in which a seven-tap FIR filter
with a flat-top and chirp-free bandpass response is then im-

Fig. 1. Comparison between the spectral responses of a: (a) regular uniformly
spaced FIR filter and (b) nonuniformly spaced FIR filter. The desired bandpass
response, marked in the dotted box, can be realized in a FIR filter by nonuniform
sampling with all-positive coefficients.

plemented. In Section IV, a discussion on the use of the pro-
posed FIR filter for advanced microwave signal processing is
presented. The generation of a chirped microwave signal and a
phase-coded microwave signal are discussed and demonstrated.
The use of the proposed technique to design a FIR filter for mi-
crowave matched filtering is also discussed and experimentally
demonstrated. In Section V, a conclusion is drawn.

II. PRINCIPLE

The comparison between a nonuniformly spaced FIR filter
having all-positive coefficients and a regular uniformly spaced
FIR filter with true negative or complex coefficients is shown
in Fig. 1. It is known that a FIR filter has a multichannel fre-
quency response with the channel spacing equal to the free spec-
tral range (FSR) of the filter. For a regular FIR filter, all the
channels have the same spectral response, as shown in Fig. 1(a).
We will show that if the filter taps are nonuniformly spaced, the
spectral responses of the multiple channels will be different, as
shown in Fig. 1(b). By properly designing the nonuniform sam-
pling function, we can get a spectral response at a specific band-
pass that is identical to that of a regular uniformly spaced FIR
filter, as shown in the dotted box in Fig. 1.

In the following, we will derive a mathematical expression
that relates the nonuniform sampling function and the filter
spectral response. The derivation will start with a regular FIR
filter having uniformly spaced taps. Generally, the impulse
response of a regular FIR filter can be expressed as

(1)

where is the tap number, is the tap coefficient of the th
tap, is the time delay difference between two adja-
cent taps, and is the FSR of the filter. The expression of
can be expressed in another form

(2)
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where is the coefficient profile, which can be complex
valued

and if or

(3)

and is the sampling function given by

(4)

Based on (2), the frequency response of the regular FIR
filter can be calculated by the Fourier transform

(5)

where is the Fourier transform of and denotes the
convolution operation. For practical applications, the FSR of
the filter, , should be larger than the bandwidth of . The
frequency response of the regular FIR filter then has multiple
channels with the spectral response of each channel being the
same as , and the th channel is located at .

Based on (5), we conclude that for a regular uniformly spaced
FIR filter, the tap coefficient profile is just the inverse Fourier
transform of the desired bandpass response. If a FIR filter with
an arbitrary bandpass response is desired, should not be
positive only, but negative or complex tap coefficients are re-
quired, which are determined by (3).

However, if the time-delay spacing is nonuniform, the band-
pass response is no longer the Fourier transform of the tap co-
efficients profile. To describe the impulse response of a nonuni-
formly spaced FIR filter , we modify (2) by introducing a
time-delay shifting function

(6)

where is a positive-only coefficient profile. Based on (4)
and (6), the impulse response of the nonuniformly spaced FIR
filter can also be expressed in a conventional form

(7)

where and are the tap coefficient and time delay of the th
tap, respectively. From (7), we have

(8a)

(8b)

which shows that the proposed filter is nonuniformly spaced
and has all-positive coefficients. Note that (8b) is obtained by
considering the property of the Dirac function.

Although a precise close-form frequency response of the pro-
posed FIR filter, i.e., the Fourier transform of (6), is hard to ob-

tain, can still be expressed as the sum of many bandpass
responses with different central frequencies. Note that can
be expressed based on the Fourier series expansion

(9)

Based on (9) and (6), we have

(10)

If we assume that is the Fourier transform of
, then the frequency response of the

nonuniformly spaced FIR filter is

(11)

If the FSR, , is larger than the bandwidth of ,
then the proposed FIR filter would still have a multichannel
frequency response. However, it is different from a regular
FIR filter described by (5), as the response of each channel
is not the Fourier transform of the coefficient profile and the
multichannel responses are no longer identical. The bandpass
frequency response is determined by the tap
coefficient profile , the nonuniform sampling function

, and the channel order . It should be noted that, in (10),
the nonuniform sampling function provides an additional
phase modulation (PM) to the all-positive coefficient profile

, which ensures that an arbitrary bandpass response can be
realized by the proposed FIR filter with all-positive coefficients
via nonuniform sampling.

Now we assume that the bandpass of interest is located at
with a frequency response given by . Based
on (11), one can then get

(12)

which means that the desired bandpass response will be
achieved in the th channel of the proposed nonuniformly
spaced FIR filter. By applying the inverse Fourier transform to
(12), we have

(13)

where is the phase of . One can then get the following
relationship:

(14a)

(14b)

Based on (8) and (14), we get the following expressions to
design the filter. The coefficients and time delays are given by

(15a)

(15b)

As a conclusion, to realize the desired bandpass response, if
a regular FIR filter is used, the tap coefficients are determined
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Fig. 2. Design procedure of a nonuniformly spaced FIR filter.

Fig. 3. Frequency response of the bandpass of interest. Solid line: the desired
magnitude response. Dotted line: the desired time-delay response.

by (3), which may be negative or complex valued; however, if a
nonuniformly spaced FIR filter is used, the tap coefficients and
time delays are determined by (15) and the filter has positive-
only coefficients.

The above analysis provides a way to implement a FIR filter
with all-positive coefficients, but having an arbitrary bandpass
response. The design process involves four steps, which is illus-
trated in Fig. 2.

III. FILTER DESIGN

As an example, a bandpass filter with a flat-top and a
quadratic phase response is designed and analyzed. We as-
sume that the frequency response of the passband is located
at GHz, with a full-width at half-width (FWHM) of
5 GHz, as shown in Fig. 3. The desired magnitude response
has a shape of a fourth-order super Gaussian. Since the desired
phase response is quadratic, the corresponding time-delay
response is then a linear function of frequency , which is given
by , where ps is a uniform
time-delay difference.

If the filter is a regular FIR filter with uniformly spaced taps,
the filter can be designed based on (3). After the inverse Fourier
transform, we have the design of the regular FIR filter, with the
tap coefficients plotted in Fig. 4.

As can be seen, complex tap coefficients are required. The
frequency response of the FIR filter can be calculated by the
Fourier transform, which is given by

(16)

Fig. 4. Design of a regular FIR design. line: absolute value of the tap coef-
ficients. � line: phase of the coefficients.

Fig. 5. Frequency response of the regular FIR filter. Solid line: magnitude re-
sponse. Dotted line: time delay response.

Fig. 6. Design of a nonuniformly spaced FIR filter. line: the value of the tap
coefficients. � line: the time-delay difference of each tap.

Fig. 5 shows the calculation result, where the desired bandpass
response is realized.

We apply the proposed technique to design the filter with all-
positive coefficients to realize the same bandpass response by
nonuniform sampling. The design is made based on the proce-
dure illustrated in Fig. 2. Based on (15), the tap coefficients and
the time-delay differences are calculated and plotted in Fig. 6,
where the time delay difference is defined as

(17)

Theoretically, could be any nonzero value. In this example,
is selected. As can be seen, the tap coefficients are pos-

itive only, and the time-delay spacing is nonuniform. The fre-
quency response is calculated by the Fourier transform

(18)
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Fig. 7. Spectral response of the nonuniformly spaced FIR filter. Solid line:
magnitude response. Dotted line: time-delay response.

which is shown in Fig. 7. Clearly, the desired magnitude and
phase responses are realized in the first-order channel of the
spectral response of the nonuniformly spaced FIR filter. Com-
paring the response in Fig. 7 with that shown in Fig. 5, one can
see that an identical frequency response, both in magnitude and
phase, is obtained, which confirms the effectiveness of the pro-
posed technique to design a FIR filter with all positive coeffi-
cients through nonuniform sampling, as discussed in Section II.

It is different from a regular FIR filter in which the spectral
responses at different channels are identical; a nonuniformly
spaced FIR filter has different frequency responses at different
channels, which can be seen from (11). The difference is
resulted from the fact that equivalent phase shifts introduced
to the tap coefficients are different for different channels, i.e.,
the equivalent phase shift corresponding to the th channel is

. Fig. 8 shows the multichannel frequency response of
the nonuniformly spaced FIR filter corresponding to the design
in Fig. 6, and the regular filter corresponding to the design in
Fig. 4. Obviously, the frequency responses of all channels of
the regular FIR filter are identical. Once the FSR of the filter is
larger than the bandwidth of , all the channels will be well
separated. However, the frequency responses of the channels
of the nonuniformly spaced FIR filter are different. As can be
seen the tap coefficients will experience larger phase shifts
for a higher order channel, leading to an increased bandwidth,
as shown in Fig. 8(a). If the channel bandwidth is larger than
the FSR, the adjacent channels will then interfere, generating
large ripples between the channels, as also shown in Fig. 8(a).
The adjacent channel interference must be avoided in the filter
design. For practice applications, the channel of interest should
be well separated from its adjacent spectral channels, giving
an upper limit of the relative bandwidth of the filter when the

th-order channel is used, which is .
It should also be noted that when , there are no equiva-

lent phase shifts introduced to the tap coefficients, as can be seen
from (10), as well as the simulation result shown in Fig. 8(a). As
a result, the filter will always have a resonance at the baseband.
For many applications, the baseband resonance should be elimi-
nated. A solution to eliminate the baseband resonance is to use a
phase modulator in the FIR filter. It has been demonstrated [20]
that PM to intensity modulation (IM) conversion in a dispersive
element would generate a notch at dc, which would be used to
eliminate the baseband resonance of a nonuniformly spaced FIR
filter. The filter setup using a phase modulator is illustrated in

Fig. 8. Multichannel frequency response of a: (a) nonuniformly spaced FIR
filter and (b) regular FIR filter. The first four channels are plotted.

Fig. 9. Realization of the nonuniformly spaced FIR filter. The baseband res-
onance is eliminated by the notch at dc due to the PM-IM conversion. Phase
modulator: PM. Photodetector: PD.

Fig. 9. The dispersive element in the setup is a length of dis-
persive fiber such as dispersion compensating fiber or standard
single-mode fiber.

As discussed in [20], the PM-IM conversion in a dispersive
element would lead to a transfer function given by

(19)

where is the light velocity in free space, is the total
dispersion of the dispersive device, is the dispersion coeffi-
cient, is the length of the dispersive fiber, and is the central
wavelength of the optical carrier. Clearly, the transfer function
has a notch as dc. By properly selecting the total dispersion,
the first peak of the transfer function can be de-
signed to locate at the same location as the channel of interest.
If is selected and the first peak of is located
at the first-order channel of the filter, then we can calculate the
required dispersion by the following equation:

(20)

For example, to implement a FIR filter with a flat top and
quadratic phase response, as studied in Section III, the required
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Fig. 10. Frequency response of the nonuniformly spaced FIR filter imple-
mented using a phase modulator. Dotted line: frequency response of the PM-IM
conversion. Solid line: total frequency response of the filter.

Fig. 11. New FIR filter design considering the PM-IM conversion.

dispersion calculated based on (20) is 624.3 ps/nm, corre-
sponding to the dispersion of a standard single-mode fiber with
a length of about 36.7 km. The total frequency response of
the filter incorporating the frequency response of the PM-IM
conversion is shown in Fig. 10. It should be noted, however,
that the frequency response of the PM-IM conversion is not
flat. If the desired bandpass response has a large bandwidth,

will add an additional magnitude response to
the bandpass concerned, making the total frequency response
nonflat.

To compensate for the additional magnitude response due to
PM-IM conversion, the response of the PM-IM conversion must
be considered during the design of the nonuniformly spaced FIR
filter, i.e., the original target response, , should be
replaced by . With the above con-
sideration, a new FIR filter is designed, with the tap coefficients
and time-delay differences shown in Fig. 11.

Based on (18) and (19), the frequency response of the new
filter is calculated, which is shown in Fig. 12. Clearly, the base-
band resonance is eliminated; meanwhile the nonflatness due to
the PM-IM conversion is also well compensated by the inclu-
sion of the spectral response of the PM-IM conversion in the
design.

The filter discussed above has 50 taps. To implement the
filter, a laser array with 50 wavelengths is required, which
is not available in the laboratory. To proof the concept, we
implement a nonuniformly spaced FIR filter with seven taps
[17]. The filter is designed to have a passband response with
a flat top and zero chirp (or a linear phase response) via
nonuniform sampling. The procedure shown in Fig. 2 is used
to perform the design. In the design, is selected with

Fig. 12. Frequency response of the FIR filter incorporating the frequency re-
sponse of the PM-IM conversion.

a central frequency of 12.1 GHz and a 3-dB relative band-
width of 0.4. The nonflat frequency response of the PM-IM
conversion is also incorporated in the design. The parameters
of the designed filter are given as follows: the tap coefficients
are and the corresponding time
delays are , where is equal
to 85 ps. Clearly, the filter has all-positive coefficients with
nonuniformly spaced taps.

The experimental setup to realize the seven-tap filter is shown
in Fig. 9. Since two tap coefficients are zero, a laser array with
five wavelengths is used. The time delays for different taps are
achieved due to the chromatic dispersion of the dispersive fiber.
To achieve the nonuniform spacing, the wavelengths are tuned
to be nonuniformly spaced. Specifically, the wavelengths of the
laser array are given by

(21)

where is the wavelength for the zeroth tap. In the ex-
periment, 25-km standard single-mode fiber is used as the
dispersive fiber with a total dispersion of about 425 ps/nm,
and nm. Therefore, the wavelengths are

nm. The desired
coefficients are obtained by controlling the output powers at
the different wavelengths.

The frequency response of the filter is then measured using
a vector network analyzer (VNA, Agilent E8364A), which is
shown in Fig. 13. As can be seen the center frequency of the
frequency response is located at 12.1 GHz with a flat top. The
3-dB bandwidth is about 5 GHz or a relative bandwidth about
0.42. The constant group-delay response measured in the exper-
iment shows that the filter is chirp free. Based on the results, we
conclude that a FIR filter having a bandpass response with flat
top and zero chirp is realized by a positive-coefficient-only FIR
filter via nonuniform sampling. Due to the unavailability of a
laser array with 50 wavelengths at the time of experiment, the
implementation was done with a laser array with only five wave-
lengths. However, the theoretically designed and the experimen-
tally realized filter share the same principle and the same setup,
as shown in Fig. 9. The complexity of the filter when employing
a large number of laser sources will not increase significantly.
This is very different from other schemes for the implementa-
tion a filter with complex coefficients. For example, for a filter
with complex coefficients based on the SBS, in addition to the
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Fig. 13. Measured frequency response of the flat-top chirp-free photonic mi-
crowave filter based on nonuniformly spaced sampling. The time delay response
within the 3-dB bandwidth is highlighted in red (in online version), which is
constant with the bandwidth.

same requirement for a large number of laser sources, a large
number of nonlinear fibers and pump sources are also required,
which makes the complexity of the filter significantly increased.

IV. APPLICATIONS IN MICORWAVE SIGNAL PROCESSING

In addition to signal filtering in which the filters are mostly
designed to have a flat top and chirp free, the proposed tech-
nique is particularly useful for advanced signal processing, such
as chirped or phase-coded signal generation, and microwave
matched filtering.

Microwave pulses with a large time bandwidth product
(TBWP) are widely used in modern radar, computed tomog-
raphy, and spread-spectrum communications systems [21],
[22]. To achieve a large TBWP, the pulses are usually fre-
quency chirped or phase coded. The generation of such pulses
in the optical domain has the advantage of high speed and
broad bandwidth. Photonic approaches proposed recently
include direct space-to-time optical pulse shaping [23], [24],
and wavelength-to-time mapping [25], [26]. A general way to
generate an arbitrary microwave pulse is to shape the spectrum
of a short microwave pulse, to make the spectrum of the shaped
pulse identical to what we expect to generate. The spectrum
shaping can be done using a microwave filter. Assume the
spectra of the input pulse and the output pulse are, respectively,

and , the microwave filter should have a spectral
response given by

(22)

Since the desired pulse usually has complicated phase re-
sponse, the filter to generate the required spectral response
should have negative or complex tap coefficients. It should be
noted that the desired microwave pulse with a large TBWP
has usually a relative bandwidth less than 1. As a result, the
required spectral response can then be achieved by the proposed
technique to use a nonuniformly spaced photonic microwave
FIR filter with all-positive coefficients.

Fig. 14. (a) Filter design for the chirped pulse generation. line: tap coefficient
profile. � line: time-delay different. (b) Spectral response of the filter. Both the
magnitude and phase responses are shown.

A. Chirped Microwave Pulse Generation [18]

A chirped microwave pulse can be generated by passing a
broadband chirp-free microwave pulse through a microwave
filter with a quadratic phase response or a linear group-delay
response. The design of a FIR filter with a quadratic phase
response has been described in Section III. However, to ensure
that the generated chirped pulse has a flat temporal envelope,
the spectrum of the input pulse has to be considered based on
(22). In the following, a design example is provided. Mathe-
matically, the desired chirped pulse is expressed as

(23)

where ns is the FWHM, ps is the mean
period, and GHz/ns is the chirp rate. The setup to im-
plement the generation is shown in Fig. 9.

A length of 25-km standard single-mode fiber with total dis-
persion of ps/nm is used. If we assume the chirped
microwave pulse is generated from a chirp-free Gaussian pulse
with an FWHM of 60 ps, the required filter response is calcu-
lated from (22), and the corresponding design is then calculated
following the procedure given in Section III. The filter has 40
taps and the tap coefficients and the time delays are shown in
Fig. 14(a) and the frequency response of the filter is shown in
Fig. 14(b). As can be seen, the filter has a bandpass response
with a central frequency at around 10 GHz and the phase re-
sponse in the passband is quadratic. Again, the baseband reso-
nance is eliminated the PM-IM conversion in a dispersive fiber.

If a Gaussian pulse with an FWHM of 60 ps is sent to the filter,
the output pulse would be chirped. The spectrum of the gener-
ated chirped pulse and its temporal waveform are calculated and
plotted in Fig. 15(a) and (b). The chirp rate is 1.6 GHz/ns, which
is equal to the desired value.

The generation of a chirped microwave pulse using a five-tap
nonuniformly spaced microwave FIR filter is then experimen-
tally demonstrated. The desired pulse has an FWHM of 550 ps,
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Fig. 15. (a) Spectrum of the chirped RF pulse. (b) Temporal shape of the pulse.

a mean period of 110 ps, and a chirp rate of 13.2 GHz/ns, as
shown via the dotted line in Fig. 16(a). The input pulse is a
chirp-free Gaussian pulse generated in the experiment by a
pattern generator with an FWHM of 65 ps. The five-tap FIR
filter is designed based on the procedure in Section III. The
time delays of the taps are ,
where ps. The wavelengths from the multiwavelength
source are then calculated based on (21). In our experi-
ment, is 1543.30 nm, and the five wavelengths are set
as nm. In the
experiment, the output power of each laser is controlled such
that the tap coefficients are optimized to minimize the error
between the desired and the generated chirped pulses. The tap
coefficients are calculated to be . Again,
the setup shown in Fig. 9 is used to perform the chirped pulse
generation. The dispersive fiber is a length of 25-km standard
single-mode fiber with a total dispersion of about 425 ps/nm.
The generated pulse is then measured by a high-speed oscil-
loscope (Agilent 86100C), which is shown as the solid line
in Fig. 16(a). Obviously, a chirped RF pulse having a shape
close to the theoretical microwave chirped pulse is generated.
A slight distortion in the pulse shape is due to the small tap
number. It is known that a chirped pulse can be compressed
at a receiver using a matched filter. To demonstrate the pulse
compression performance, we calculate the correlation between
the measured and reference chirped microwave pulses [the two
curves in Fig. 16(a)], and the result is shown in Fig. 16(b). It
is clearly seen that the microwave pulse is compressed, which
confirms that the generated microwave pulse is chirped.

B. Phase Coded Microwave Pulse Generation [16]

Similar to a chirped microwave pulse, a phase coded mi-
crowave pulse can also be generated using a nonuniformly
spaced FIR filter, which can find many applications such as in
radar and communications systems. The fundamental principle
is to introduce the phase information to the generated pulse by
time delays, as shown in Fig. 17.

Fig. 16. (a) Solid line: generated chirped RF pulse. Dotted line: desired chirped
RF pulse. (b) Correlation between the measured and reference pulses.

Fig. 17. Proposed photonic microwave FIR filter for microwave phase coding.

Obviously, the tap number of the FIR filter should be the same
as the chip number of the desired phase-coded signal. In a reg-
ular microwave FIR filter, the time-delay differences between
adjacent taps are identical as . As we discussed in Section II,
the frequency response of a FIR filter is periodic with the th
spectral channel located at . If there are mi-
crowave cycles in each chip, then or

, where is the period of the microwave carrier,
we then have , which means that, for a chip that con-
tains microwave cycles, the filter frequency response con-
cerned is located at the th spectral peak. To implement the
phase coding using a FIR filter, the phase of the th chip should
be introduced by the filter with the same phase at the th
tap. For example, to generate a phase-coded pulse with a code
pattern of , the tap number should be 4 and
should be . Therefore, a FIR filter with both positive
and negative coefficients of is required if a reg-
ular microwave FIR filter is used. In addition, if the phase code
has arbitrary phase shifts, a microwave FIR filter with complex
coefficients is required.

To generate the required phase code using a FIR filter with all
positive coefficients, a FIR filter with nonuniformly spaced taps
should be employed. The desired phase coding is implemented
by adjusting the time-delay differences between the adjacent
taps. According to (15a), we have

(24)
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Fig. 18. Phase-coded microwave pulse with a 13-chip Barker code generated
by a nonuniformly spaced FIR filter.

TABLE I
FOUR SETS OF WAVELENGTHS FOR FOUR DIFFERENT CODE PATTERNS

For example, for a four-tap filter, we have . If is
selected, for a code pattern of the time delays should
be .

As a design example, a binary phase coded
microwave signal with a 13-chip Barker code,

, is
generated. The Barker codes are usually used in direct-se-
quence spread-spectrum communications systems and pulse
compression radar systems thanks to the excellent correlation
performance [27]. In the design, the carrier frequency is 40 GHz
and , i.e., the chip rate is 10 GHz, and is 25 ps. Based
on (24), the time delays of all the taps are calculated, which
are given

ps. If the input microwave signal is a super-Gaussian pulse
with an FWHM of 100 ps, the output of the filter is calculated,
which is shown in Fig. 18. The desired phase coding is realized.

A four-tap microwave delay-line filter with adjustable time-
delay differences to generate tunable phase code patterns based
on the experimental setup shown in Fig. 17 is demonstrated. In
the experiment, the input microwave signal is a super-Gaussian
pulse with a carrier frequency of 5.94 GHz and an FWHM of
about 680 ps. The single-mode fiber in our experiment has a
length of about 50 km. The wavelength of each tunable laser
source is calculated based on (24) and (21). Four code pat-
terns are generated in our experiment. The wavelengths for the
generation of the four code patterns are listed in Table I. Note
that is 1543.184 nm. When the wavelengths of the tunable
laser sources are tuned at one of the four sets of wavelengths
in the table, a microwave pulse with the phase code pattern
corresponding to the specific set of wavelengths is obtained at
the output of the PD. The generated pulse is monitored by a
high-speed oscilloscope and is shown in Fig. 19.

C. Microwave Matched Filtering [19]

In a radar or communications system, if a transmitted signal
is chirped or phase coded, at the receiver end a matched filter
should then be used to detect the presence of the chirped or

Fig. 19. Experimentally generated phase-coded microwave pulses (red solid
line in online version). Blue dotted line (in online version): microwave signals
without phase coding.

phase-coded signal. Although the decoding process can be
done using an electronic matched filter, the processing speed is
limited due to the low sampling rate of the currently available
digital electronics. A solution to the problem is to perform
matched filtering in the optical domain. It is known that a
decoding process is actually to calculate the correlation be-
tween the received microwave signal and the reference signal.
A correlator or matched filter should have a spectral response
that is a complex-conjugated version of the spectral response
of the incoming microwave signal. Such a microwave corre-
lation operation can obviously be implemented by a photonic
microwave FIR filter.

Assume that a phase-coded microwave signal is express as
, where is the angular frequency of the

microwave carrier, is the phase coding function, and
is a rectangle window function, which is constant for

, while 0 otherwise. At the receiver, the correlation be-
tween the phase-coded signal and a reference microwave signal,

, is calculated. If the correlator is matched
to the signal, then , an auto-correlation with a large
correlation peak is achieved and the signal will be detected; oth-
erwise, is orthogonal to , then we get a cross-correla-
tion and a low correlation peak would be generated at the re-
ceiver. In the both cases, the output from the receiver should be

(25)

where * denotes convolution operation. If the above correlation
is performed by a microwave FIR filter, then based on (25) such
a filter should have an impulse response given by

(26)

To realize the filter in (26), a FIR filter can be used. Based
on signal processing theory, a FIR filter can be implemented
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Fig. 20. (a) Phase characteristic of the RF signal. The bi-phase coding is taken
as example. (b) Corresponding nonuniform spacing FIR filter structure.

through sampling the input signal with a uniform spacing. If the
sampling period is , where is an integer
and is the period of the microwave carrier, then the impulse
response in (26) can be obtained in the th-order channel of
the FIR filter. Since the impulse response has a nonzero PM,
the FIR filter has multiple complex taps, i.e., the phase of the

th tap should be .
The filter can be designed to have equivalent complex coef-

ficients using an all-positive-coefficient FIR filter based on the
nonuniform sampling. Based on (15b), the time delays of the
filter are calculated by

(27)

The frequency response of the filter expressed in (26) is then
realized in the th channel of the frequency response of the new
filter.

Assume that a phase coded signal has chips, and each chip
has cycles of the RF carrier. Based on (27), the filter time
delays of the filter are then calculated by

(28)

where is the phase of the th tap, . The structure
of the nonuniform sampling FIR filter is illustrated in Fig. 20.

For the phase-coded signal shown in Fig. 18, a nonuniformly
spaced FIR filter to perform the matched filtering is designed.
Based on (28), and considering that the phase code is a 13-chip
Barker code, the time delays of all the taps are calculated, which
are ps.
When the phase-coded signal in Fig. 18 is sent to the matched
filter, a correlation output is obtained, as shown in Fig. 21.
Clearly, the signal is successfully decoded.

To proof the concept, a photonic microwave FIR filter to de-
code the four-chip binary phase-coded microwave signal is ex-
perimentally demonstrated. Again, the system setup shown in
Fig. 9 is used. The dispersive fiber is a 25-km single-mode fiber.
The output is measured by a high-speed oscilloscope (Agilent
86100C). The input signal has a 6.75-GHz carrier which is phase
coded by a four-chip Barker code, . In our de-
sign, so that the chip rate is 1.6875 GHz. Based on
(28), the time delays for the four taps are then calculated, which
are given ns. The wavelengths

Fig. 21. Correlation at the output of the nonuniformly spaced FIR matched
filter.

Fig. 22. (a) Input phase-coded microwave signal. (b) Measured correlation
output (black solid line) with the calculated absolute envelope (red solid line
in online version).

of the four lasers are then calculated according to (21), which
are given nm. The orig-
inal input phase coded microwave signal is shown in Fig. 22(a).
When the phase-coded signal is sent to the nonuniformly spaced
FIR filter, an auto-correlation is obtained at the output of the
filter, which is shown in Fig. 22(b). It is clearly seen that the
phase-coded signal is correctly decoded.

V. CONCLUSION

An overview of the design and implementation of pho-
tonic microwave FIR filters with nonuniform sampling was
performed. We have shown that a microwave FIR filter with
all positive coefficients can be implemented to generate arbi-
trary bandpass response through nonuniform sampling. Based
on the analysis, a 50-tap bandpass filter with a flat top and
a quadratic phase response was designed and analyzed. A
seven-tap nonuniformly spaced photonic microwave filter with
a flat top and chirp-free bandpass response was experimentally
demonstrated. The key significance of the technique is that a
nonuniformly spaced FIR filter can be used to perform advanced
microwave signal processing. In this paper, the applications
of the technique for microwave signal processing, including
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the generation of chirped and phase-coded microwave pulses,
and the implementation of matched filtering, were discussed.
Both theoretical designs and experimental demonstrations were
provided.
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