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Switchable down-, up- and dual-chirped microwave waveform
generation with improved time-bandwidth product based on
polarization modulation and phase encoding
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Institute of Lightwave Technology, Key Laboratory of All Optical Network and Advanced Telecommunication Network, Ministry of Education,
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A switchable down-, up- and dual-chirped microwave waveform generation technique with improved time—bandwidth
product (TBWP) is proposed and demonstrated based on a dual-polarization dual-parallel Mach—Zehnder modulator (DP-
DPMZM) cascaded with a polarization modulator (PolM). By properly controlling the phase shifts of the radio frequency
signals applied to the DP-DPMZM, switchable down-, up- and dual-chirped waveforms with simultaneous frequency and
bandwidth doubling can be generated. To enlarge the TBWP further, splitting parabolic signal and phase-encoding splitting
parabolic signal are used to drive the PoIM for the enhancement of bandwidth and time duration. Numerical results demon-
strate the generation of down-, up- and dual-chirped microwave waveform with TBWP of 8, 160 and 10240. The proposed
method may find applications in future multifunction radar systems due to the high performance and flexibility.

Keywords: microwave photonics, linearly chirped waveform generation, time—bandwidth product

PACS: 84.40.—x, 07.57.—c, 42.79.—e, 42.79.5z

1. Introduction

Linearly chirped microwave waveforms have been widely
used in modern radar systems. Due to the superior pulse com-
pression capability of linearly chirped waveform, the detec-
tion range and range resolution can be increased greatly.!-!
As the pulse compression performance is proportional to the
time—bandwidth product (TBWP), linearly chirped waveforms
with large TBWP are highly preferred in pulse compression
radar systems. However, the conventional methods to generate
linearly chirped waveforms by using the electrical techniques
suffer from low central frequency and narrow bandwidth due
to the electronic bottleneck, which may be not suitable for fu-
ture high precision radar systems. The linearly chirped wave-
form generated by modern photonic technique is a promising
method to solve the problems in electronic systems, due to the
advantages of low insertion loss, wide bandwidth, and immu-
nity to electromagnetic interference. [*’

A number of efforts have been made to generate lin-
These
methods can be mainly divided into two kinds according to

early chirped waveform with photonic technique.

the types of generated signals. The first one is the single-
chirped waveform generation, including direct space-to-time
mapping,[* frequency-to-time mapping,[®-®! optically in-
jected semiconductor laser, [9:101 Fourier domain mode locked
optoelectronic oscillator!!!! and heterodyning method.[>-14]
One of the application limitations of single-chirped wave-
form is its knife-edge-type ambiguity function, which reduces
the range-Doppler resolution. The dual-chirped waveform

that consists of an up-chirped waveform and a down-chirped

fCorresponding author. E-mail: mgwang @bjtu.edu.cn
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waveform can be used to improve the range-Doppler resolu-
tion. Photonic generation of dual-chirped waveform has been
widely studied in recent years. The common methods in-
clude integrated optical modulator based methods, 519! cas-
cading modulators based methods, >*-23! sweeping laser based

(241 and optically injected semiconductor laser based

methods,
methods.[>>6] All methods mentioned above can only gen-
erate one kind of linearly chirped waveform, which cannot
meet the requirements of multifunctional radar systems. Luck-
ily, a flexible linearly chirped generator which can generate
switchable down-chirped, up-chirped and dual-chirped wave-

[27] However, the central fre-

forms has been proposed recently.
quency and bandwidth of the generated waveform are equal to
the frequency of local oscillator (LO) and bandwidth of arbi-
trary waveform generator (AWG), which indicates the central
frequency and bandwidth as well as the TBWP are still limited
by the electrical systems.

In this paper, a switchable down-, up-, dual-chirped mi-
crowave waveform generation technique is proposed by us-
ing a dual-polarization dual-parallel Mach—Zehnder modu-
lator (DP-DPMZM) cascaded with a polarization modulator
(PolM). By controlling the phase shifts of the radio frequency
(RF) signals applied to the DP-DPMZM followed by a PolM
driven by a parabolic signal, the down-, up-, dual-chirped mi-
crowave waveform with simultaneous frequency and band-
width doubling can be generated and switched. Moreover,
the bandwidth of the generated waveform can be enhanced
by replacing the conventional parabolic signal with a splitting
parabolic signal. Also, the time duration can be increased by

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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using the phase-encoding technique. Hence, the TBWP can be
increased significantly. Simulation experiments are conducted
and the switchable down-, up-, dual-chirped microwave wave-
forms with TBWP of 8, 160 and 10240 are generated. The
TBWP can be enlarged further by splitting parabolic signal
into more pieces and using a longer length sequence to encode
the phase.

2. Principle

Figure 1(a) shows the structure of the switchable down-,
up- and dual-chirped microwave waveform generator. A light-
wave emitted from a laser diode (LD) is launched into a DP-
DPMZM. As shown in Fig. 1(b), the DP-DPMZM is an in-
tegrated device which includes two DPMZMs, a 90° polar-
ization rotator and a polarization beam combiner (PBC). The
DPMZM consists of two sub-MZMs which operate in push-
pull mode and a main MZM. V1, Vi, Vs and Vs are the

direct current (DC) bias voltages of the four sub-MZMs, re-
spectively. Similarly, the DC bias voltages of the two main-
MZMs are represented by Vi3 and Vi6. An RF signal from an
LO is split into four paths to drive the four sub-MZMs of the
DP-DPMZM with each path undergoing different phase shift
0; (i=1,2,3,4). The phase shifts are controlled by using ad-
justable phase shifters. All the sub-MZMs are biased at mini-
mum transmission point (MITP) and the two main MZMs are
biased at quadrature transmission point (QTP) by adjusting the
DC biases V4;. The principal axes of PBC in the DP-DPMZM
is aligned with those of the PolM by a polarization controller
(PC). In the PolM, the complimentary parabolic phase modu-
lation in the two polarization states is achieved. Next, PC2 is
employed to make sure one of the polarization directions of the
optical signal from the PolM is 45° relative to one of the prin-
cipal axes of the polarization beam splitter (PBS). After pass-
ing the PBS, the optical signal is transmitted into a balanced
photodetector (BPD) for optical to electrical conversion.

Fig. 1. (a) The structure of the generator. (b) The diagram of the DP-DPMZM.

The optical field of the linearly polarized lightwave emit-
ted from the LD can be expressed as E(t) = Egel™’, where
Eop and @y are the amplitude and angular frequency of the
lightwave, respectively. The four driving microwave signals
can be written as V; cos(wy,t + 6;), (i =1,2,3,4), where V; de-
notes the amplitude of each RF signal, w,, denotes the angular

frequency, and 6; denotes the initial phase of each RF signal,
which can be controlled by adjustable phase shifter. Without
loss of generality, 0; can be fixed to 0. By controlling the DC
biases, all the four sub-MZMs are biased at MITP and the two
main-MZMs are biased at QTP. Hence the optical field at the
output of the DP-DPMZM is given by

exp(jmy cos(@put) +j5) +exp(—jmicos(@nt) —j5)

Hi

+[exp(jma cos(@pmt + 62) +j 7 ) +exp(—jmacos(@ut + 62) — j )] exp(j
8 exp(jm3z cos(@put + 603) +j5 ) +exp(—jmz cos( @yt + 603) —j5)

)

(S1E

+exp(jms cos(@nt + 64) -+ %) + expl(—jma cos @yt + 64) — )] exp(j F)

where m; = nV;/Vy is the modulation index of each sub-MZM and Vy is the half-wave voltage of each sub-MZM. Here we
assume that the modulation indices of the sub-MZMs are identical, i.e., m; = my = m3 = mgq = m. Under small signal conditions,
Eq. (1) can be simplified as

{Ex] __E@)Ji(m) [exp(jwtheXp(jwmt)+jeXp(jwmt+j92)+jeXp(jwmtj92) )
Ey |~ 4 ’

4 exp(j Ot +j63) +exp(—j Ot — j63) + j exp(j Ot +j64) +jexp(—j Ot — j64)
where Jj () is the first kind of Bessel function of the first order. Next, the principal axes of PBC in the DP-DPMZM are aligned
with those of the PolM by PC1. A parabolic signal denoted as V,s(r) is generated by an AWG and used to drive the PolM. The
078403-2
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output of the PolM can be given by

explj Ot + jmgs(t)] + exp[—j @Ot + jmys(t)]

4 exXplj @t + 63 — jmss(t)] + exp[—j @t — jO3 — jmss(t)]

+jexp[jomt + 62+ jmss(t)] + j exp[—j Omt — j62 + jmgs(t)],

; 3

+J explj Ont + 64 — jmss(t)] + j exp[—j Ot — j6s — jmys(1)]

where m; = TV /Vzpom is the modulation index of the PolM, and Vypepy is the half-wave voltage of the PolM. By controlling
the phase shifts of the four driving RF signals applied to the DP-DPMZM, Eq. (3) can be divided into three cases. The detailed

expressions are given by

E(t)J1(m) [ exp[—j @t + jmys(1)]

——— L 6=7%,6,=0, 6, =]

2 exp[j@mt — jmys(t)] 2
E(t)Jy(m) [ explj @t + jmys(t)] 3
E e e o =32, 0,=0,0,=1
|:EXS] B 2 eXp[—Ja)mt—]mss(t)} e 20 5 AT D 4)
Ys -
E(t)Jy(m) | (L4 j)expljomt + jmgs(t)] + (1+ j) exp[—]j @t + jmss(t)] B — 06— 0. 61— 0
— Z . . ] ) ) . s h = =0, 04 =0.
4 (14 j) exp[j @mt — jmys(t)] + (14 j) exp[—j Out — jmys(t)]

Then the modulated signal is controlled by PC2 to adjust the polarization state of Ex, or Ey at an angle of 45° with respect to

one principal axis of the PBS. Thus the optical field at outport 1 and outport 2 of the PBS can be expressed as

1
El(t) = 7(EXs+EYs)7

V2

Hence the optical current output from the BPD is given by

2|Eo[* |1
2| Eol?

m)|? cos[2@y,t — 2mys(t)],

(
i(t) o< (m)|? cos[2ayt +2mys(1)],

1

EZ(t) = 7(EX5_EY5)- 5)

2

62:%a93:0764: 37[)

2
6,=3F,0,=0,0,=1, (6)

|Eo|? |1 (m)|?2 cos[2mys(t)] 4 cos[2@pt + 2mgs(t)] + cos[20ut — 2mys(t)], 6, =0,63=0,604 =0.

Here 05 is always set to be 0. When 6, = /2, and 6, = 37/2,
the generator operates in down-chirped waveform generation
mode and a down-chirped waveform is generated. When 6,
and 0, are set to be 37/2 and 7 /2, respectively, the generator
operates in up-chirped waveform generation mode and an up-
chirped waveform is generated. When there is no phase shift,
the generator operates in dual-chirped waveform generation
mode, and a dual-chirped waveform is generated along with a
baseband component that cannot be radiated by the antenna.
Note that the frequency and bandwidth doubling operation are
achieved simultaneously without any filters.

Mathematically, the parabolic signal s(¢) can be written
as

s() =k(t —Ty/2)?, 1t €0,Ty), (7

where k =4/ TO2 is the parabolic coefficient, Ty is the temporal
duration. According to Eq. (7), when the generator operates in
down-chirped waveform generation mode, the instantaneous
angular frequency of the generated waveform can be expressed
as

T;
Odown = 20y — 4myk (t - 20) ., 1€]0,Ty). (8)

When the generator operates in up-chirped waveform genera-
tion mode, the instantaneous angular frequency of the gener-
ated waveform can be expressed as

Tt
Wyp = 20, + 4mgk <t - 20> , t€10,Tp]. 9)

When the generator operates in dual-chirped waveform gener-
ation mode, the instantaneous angular frequency of the gener-
ated waveform can be expressed as

2@, — 4myk (r _ %) . down-chirp,
Dgual = t €10, Ty).

20, + 4msk(t — %) , up-chirp,
(10)

For all these three cases, the bandwidths and time durations
of the generated signals are all 8m;/(nTy) and Ty. Hence the
TBWP can be calculated as

TBWP, — 8;”5. )

As can be seen, the TBWP of the generated waveform is pro-
portional to the modulation index of the PolM. However, the
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limited modulation index of the PolM limits the bandwidth of  the ith bit. Thus the phase-encoding splitting parabolic func-
the generated waveform and results in a low TBWP. To fur-  tion can be expressed as

ther improve the TBWP, the splitting parabolic signal can be

used to replace the conventional parabolic signal to drive the 53(1) = s2(1) @up (1), (15

PoIM. 28] The splitting parabolic signal is obtained by split- . . .
ting the conventional parabolic signal into N pieces within one where & represents convolution operation. By using 53(7) to
g P g P drive the PolM, the time duration of the generated waveform

t 1 duration. The splitti bolic signal b th-
CMPpOTAT CUTAtion. Jhe SpHTHNE parabolic sighat cal be m increases M times. Hence the TBWP can be expressed as

ematically expressed as

ANMm
k(t —Ty/2)* +ay, 0<t<t, TBWP; = — . (16)

N J k(t—To/2)* +az, 11 <t<n,
)

Sz(t)

(12)  Ascan be seen, the TBWP is further increased M times. Com-
pared with the original parabolic phase modulation, the TBWP

“ey

k(t=To/2)* +ay, tv-1 <t <Th, ; S . . .
increases MN /2 times in total by using the splitting parabolic

where N is the number of the pieces and a, (n=1,2,...,N)  signal modulation and phase-encoding technique.

is the value to make the peak amplitude of each piece equal.

It is well-known that the constant item has no influence to the 3 Sjmulation and discussion

differential operation. Therefore, the bandwidths of the gener- ) ) ) ]

. . Numerical simulation experiments based on the
ated chirp waveforms are greatly increased and can be denoted

as 4Nm, /(nTy). Hence the corresponding TBWP is schematic diagram as shown in Fig. 1 are conducted to verify
s .

the feasibility of the proposed technique. A lightwave with the

TBWP, — 4N s (13)  power of 12 dBm is emitted from an LD with the linewidth
of 10 MHz and center wavelength of 1550 nm. Then the
Obviously, the TBWP increases N/2 times compared with the  lightwave is transmitted into a DP-DPMZM driven by four
original parabolic phase modulation. Besides the splitting  RF signals which are generated by splitting a RF signal with
parabolic phase modulation, the TBWP can be further im-  frequency of 20 GHz into four paths with each path under-
proved by phase-encoding technique.!?”! The pseudo-random going a phase shift by phase shifter. The half-wave voltage
binary sequence (PRBS) is used to encode the phase, whichis  and inserted loss of all the sub-MZMs are 4 V and 5 dB. The
given by extinction ratios of the sub-MZMs are set to be 30 dB. All the
M1 sub-MZMs are biased at MITP and the two main MZMs are
up(t) = Z cid(t—iTy), 0<t<MTy, (14)  Dbiased at QTP. The half-wave voltage of the PolM is set to be
i=0 3.3 V and the modulation index of PolM is set to be &, which

where M is the length of the PRBS, and ¢; = 1 is the value of ~ means the peak voltage of the driving signal is 3.3 V.

(a) (b) ()

3 3 —~
> 2 z
Z S s
g2 < E
I 2 5
a1 =1 A
z < <

-1
0 0
o 2 4 6 8 10 12 0o 2 4 6 8 10 12 0 200 400 600 800
Time (ns) Time (ns) Time (ns)

Fig. 2. (a) The conventional parabolic signal s(¢). (b) The splitting parabolic signal s (¢). The phase-encoding splitting parabolic signal s3 (7).

Firstly, the generator is controlled to operate in down-  form (STFT). It is used to show the instantaneous frequency
chirped waveform generation mode (6, = m/2 and 6; =  of the signal. For the down-chirped waveform, the slope of
3m/2). The driving signal of the PolM is conventional  the frequency-time curve is negative, which means the instan-
parabolic signal s(f) whose profile is shown in Fig. 2(a). The  taneous frequency of the generated waveforms is decreasing
time duration is set to be 12.8 ns. Figures 3(a), 3(b) and 3(c) with time. While for the up-chirped waveform, the slope of
show the generated waveform, frequency-time diagram and  the frequency-time curve is positive, which means the instan-
corresponding spectrum, respectively. The frequency-time  taneous frequency of the generated waveforms is increasing
diagram is calculated by using the short-time Fourier trans-  with time. As can be seen from Fig. 3(c), the bandwidth of the
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generated signal is approximately 0.625 GHz, which means
the TBWP is only 8 due to the time duration is 12.8 ns. The au-
tocorrelation is shown in Fig. 3(d), from which we can see the
full width at half maximum (FWHM) of the compressed pulse
is approximately 1.927 ns, corresponding to a pulse compres-
sion ratio (PCR) of 6.642. Also, the peak-to-side lobe ratio
(PSLR) is 7.70 dB.

The driving signal of PolM is then changed into a split-
ting parabolic signal s;(¢) which is shown in Fig. 2(b). The

—~
o
N

splitting number is set to be 40. Figures 4(a), 4(b), 4(c) and
4(d) show the generated waveform, frequency-time diagram,
spectrum and autocorrelation, respectively. It can be seen that
a down-chirped waveform with central frequency and band-
width of 40 GHz and of 12.5 GHz is generated and the time
duration is 12.8 ns. Hence the TBWP is 160. From Fig. 4(d),
the FWHM is approximately 0.0804 ns, so the PCR increases
to 159.2. The PSLR of the compressed pulse is 6.77 dB.

(c)

o
N
]
=
[\

Amp. (a.u.)
Lo

Time (ns)

Freq. (GHz)
w oA
s S =

o
S
[o2]
—
no
o

Time (ns)

Frequency (GHz)

(d) 1.0
—40
) .
= -6 ST REZI4T
5 g
£ 80 <
s}
—1
00 20 40 60 80 915 —-10 =5 0 5 10 15

Time (ns)

Fig. 3. The generated waveform and corresponding performance when the generator is in down-chirped waveform generation mode and the
driving signal is s(¢): (a) the temporal waveform, (b) frequency-time diagram, (c) spectrum, (d) autocorrelation.

(2)
1
| ~
-1
0 4 8 12
Time (ns)

0.0804 ns

Auto-Corr

Freq. (GHz) Amp. (a.u.)

12

o
W~
oo

W =

o O O
—
=3
=

Time (ns)

(c) (d) 1.0
—40
]
—60
Z 0.5
—
:
£ —80
[l
—1005 20 40 60 80 0

Frequency (GHz)

-5 0 5 10 15
Time (ns)

—15 —10

Fig. 4. The generated waveform and corresponding performance when the generator is in down-chirped waveform generation mode and the
driving signal is s2(7): (a) the temporal waveform, (b) frequency-time diagram, (c) spectrum, (d) autocorrelation.

To improve the TBWP further, the driving signal of PoIM
is changed into phase-encoding splitting parabolic signal s3(¢),
which is shown in Fig. 2(c). A 64-bit binary code is used to
encode the phase. Figure 5(a) shows the generated waveform.
The instantaneous frequency of the signal in the red dashed
box of Fig. 5(a) is shown in Fig. 5(b). Figures 5(c) and 5(d)
show the corresponding spectrum and autocorrelation, respec-

bandwidth is still 12.5 GHz. Therefore, the TBWP increases
to 10240. Even though the FWHM of the compressed pulse is
still about 0.0804 ns, the PCR is up to 10189.05 thanks to the
increasing time duration. The PSLR of the compressed pulse
is 6.74 dB. It should be noted that in theory the TBWP can
be potentially increased further by splitting the parabolic sig-
nal into more pieces and using longer sequence to encode the

tively. The time duration is extended to 819.2 ns while the  phase.

~ (a
E ( )1__,' (c) (d) 1.0
g _1 —-\‘ /é\ E

0 200 400 600 800 Q
< . £ _60 0.0804 ns

N Time (ns) z 05 SN Pkl
CRCRRN 5 z
o 90 £ —80 <
~ 40 \ \\\\\\ [a¥
g
_ 0 Ll b 1
& 30O 20 40 60 80 100 1000 20 40 60 80 —800 —400 O 400 800
Time (ns) Frequency (GHz) Time (ns)

Fig. 5. The generated waveform and corresponding performance when the generator is in down-chirped waveform generation mode and the
driving signal is s3(¢): (a) the temporal waveform, (b) frequency-time diagram of the signal in red dashed box, (c) spectrum, (d) autocorrelation.
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;:\ 1 (c) (d) 1.0

g, -1 = -

g £ £

< 0 4 8 122 5 3 1.927 ns
Time (ns) = . 0.5 —— e -

w (b) o 3

T 41 g =

c e B

g

0 j—

3 3 0 4 ) 8 12 100 20 40 60 80 915 —10 =5 O 5 10 15

Time (ns) Frequency (GHz) Time (ns)

Fig. 6. The generated waveform and corresponding performance when the generator is in up-chirped waveform generation mode and the
driving signal is s(¢): (a) the temporal waveform, (b) frequency-time diagram, (c) spectrum, (d) autocorrelation.

—~ a
; (a) (©) (d) 1.0
e _q = =
E 0o 4 8 2 £ 5
m o
< Time (ns) 3760 S I _)(_0,2824_1’15
5 (b) 5 £
T 50 £ _80 <
o o
~ 40
g
—1
& 300 4 8 12 0020 40 60 80 9% =10 =5 0 5 10 15
Time (ns) Frequency (GHz) Time (ns)

Fig. 7. The generated waveform and corresponding performance when the generator is in up-chirped waveform generation mode and the
driving signal is s2(7): (a) the temporal waveform, (b) frequency-time diagram, (c) spectrum, (d) autocorrelation.

Then the phase shifts are changed to control the genera-
tor in the up-chirped waveform generation mode (6, = 37/2
and 64, = m/2). Analogously, the conventional parabolic sig-
nal s(¢) shown in Fig. 2(a) is firstly used to drive the PolM.
The generated waveform, instantaneous frequency-time dia-
gram, spectrum and autocorrelation are shown in Figs. 6(a),
6(b), 6(c) and 6(d). As expected, an up-chirped waveform with
a duration and central frequency of 12.8 ns and 40 GHz is ob-
tained. The bandwidth is 0.625 GHz, and hence the TBWP is
8. The FWHM of the compressed pulse is 1.927 ns, so the PCR
is also approximately 6.642. The PSLR of the compressed
pulse is about 7.66 dB. Then the splitting parabolic signal
with 40 pieces shown in Fig. 2(b) is used to drive the PolM.
Figures 7(a), 7(b), 7(c) and 7(d) show the generated tempo-
ral waveform, frequency-time diagram, spectrum and autocor-
relation, respectively. Similar to the down-chirped waveform
generation mode with splitting parabolic driving signal, an up-
chirped waveform with the instantaneous frequency increasing
from 33.75 GHz to 46.25 GHz in the duration of 12.8 ns is gen-
erated. Therefore, the TBWP is 160. From Fig. 7(d), we can
see that the FWHM of the compressed pulse is 0.0804 ns, so
the PCR is 159.2. The PSLR of the compressed pulse is about
6.74 dB. Next, the phase-encoding splitting parabolic signal
shown in Fig. 2(c) is employed to improve the TBWP further
and the reciprocal results are shown in Fig. 8. Figure 8(a)
shows the temporal waveform of the generated signal. As can
be seen, the time duration increases to 819.2 ns. Figure 8(b)
shows the instantaneous frequency of the waveform in the red
dashed box of Fig. 8(a). The spectrum of the generated signal

is shown in Fig. 8(c), from which we can see the bandwidth
is still 12.5 GHz. Hence the TBWP is 10240. The autocorre-
lation is shown in Fig. 8(d). The FWHM of the compressed
pulse is still 0.0804 ns, which indicates the PCR is 10189.05.
The PSLR of the compressed pulse is about 6.75 dB.

Finally, we simulate the case when the generator oper-
ates in dual-chirped waveform generation mode (6, = 0 and
0, = 0). As analyzed above, the conventional parabolic sig-
nal s(¢) shown in Fig. 2(a) is firstly used to drive the PolM.
The generated waveform, frequency-time diagram and spec-
trum are shown in Figs. 9(a), 9(b) and 9(c) respectively. It
can be seen that a dual-chirped waveform with central fre-
quency and bandwidth of 40 GHz and 0.625 GHz is generated
while a component at baseband is also generated. However,
the component at baseband cannot be radiated to free space
by the antenna or can be easily filtered out by an electrical
high pass filter (HPF). Figure 9(d) shows the waveform after
filtered by an HPF. The TBWP of the generated waveform is
only 8. Figure 12(a) presents the autocorrelation of the gen-
erated dual-chirped waveform when the driving signal of the
PolM is s(¢). The FWHM of the compressed pulse is only
2.075 ns, corresponding to a little PCR of 6.169. The PSLR of
the compressed pulse is about 6.50 dB.

As can be seen in Fig. 9, the bandwidth of the gener-
ated dual-chirped waveform is very narrow, only approach to
0.625 GHz. To improve the bandwidth, the splitting parabolic
signal shown in Fig. 2(b) is used to drive the PolM. Fig-
ures 10(a)—10(c) correspond to the waveform output from the
BPD and its frequency-time diagram as well as the spectrum.
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Figure 10(d) shows the waveform after an HPF. Clearly, a
dual-chirped waveform with bandwidth of 12.5 GHz and du-
ration of 12.8 ns is generated, which means the TBWP in-
creases to 160. Figure 12(b) presents the autocorrelation of

the generated dual-chirped waveform when the driving signal
of the PolM is s3(¢). As can be seen, the FWHM decreases
to 0.0806 ns, resulting in a PCR of 158.81. The PSLR of the

compressed pulse is about 7.80 dB.
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Fig. 8. The generated waveform and corresponding performance when the generator is in up-chirped waveform generation mode and the driving
signal is s3(¢): (a) the temporal waveform, (b) frequency-time diagram of the signal in red dashed box, (c) spectrum, (d) autocorrelation.
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Fig. 9. The generated waveform and corresponding performance when the generator is in dual-chirped waveform generation mode and the
driving signal is s(¢): (a) the temporal waveform, (b) frequency-time diagram, (c) spectrum, (d) the generated waveform after an HPF.
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Fig. 10. The generated waveform and corresponding performance when the generator is in dual-chirped waveform generation mode and the
driving signal is s, (7): (a) the temporal waveform, (b) frequency-time diagram, (c) spectrum, (d) the generated waveform after an HPF.

At last, the phase-encoding splitting parabolic signal s3(¢)
shown in Fig. 2(c) is employed. Figure 11(a) shows the
generated waveform. The frequency-time diagram shown in
Fig. 11(b) is the STFT of waveform in the red dashed box
of Fig. 11(a). Figure 11(c) shows the spectrum of the gen-
erated waveform. A phase-encoding dual-chirped waveform
with central frequency of 40 GHz and bandwidth of 12.5 GHz
is generated even though a baseband component exists. Fig-

ure 11(d) shows the generated dual-chirped waveform after an
HPF. The TBWP approaches to 10240 and can be increased
further. Figure 12(c) presents the autocorrelation of the gen-
erated dual-chirped waveform when the driving signal of the
PolM is s3(¢). The FWHM is still 0.0806 ns while the tem-
poral duration of the waveform reaches 819.2 ns, leading to a
PCR of 10163.77. The PSLR of the compressed pulse is about

7.79 dB.
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Fig. 11. The generated waveform and corresponding performance when the generator is in dual-chirped waveform generation mode and the
driving signal is s3(7): (a) the temporal waveform, (b) frequency-time diagram of the signal in red dashed box, (c) spectrum, (d) the generated

waveform after an HPF.
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Fig. 12. The autocorrelations of the generated dual-chirped waveforms when the driving signal is (a) s(¢), (b) s2(¢) and (c) s3(t).

It should be noted that although the proposed method can
generate the switchable down-, up- and dual-chirped wave-
form with significantly increased bandwidth by splitting the
parabolic signal into some pieces, the maximum splitting num-
ber is limited by the sampling rate of the AWG and the max-
imum bandwidth of the generated waveform is also limited
by the bandwidth of the optical devices such as the modula-
tors and photodetectors. In addition, the length of the PRBS
which is used to encode the phase is also limited by the mem-
ory length of the AWG. Hence, the TBWP can not be enlarged
arbitrarily and will be restricted by the sampling rate and mem-
ory length of the AWG as well as the bandwidth of the optical

devices.

4. Conclusions

A switchable down-, up- and dual-chirped microwave
waveform generation technique has been proposed and numer-
ically demonstrated by simply controlling the phase shifts of
RF signals applied to the DP-DPMZM. The TBWP can be en-
hanced by splitting the parabolic signal into more pieces and
using the phase-encoding technique. Simulation results indi-
cate our method can generate switchable down-, up- and dual-
chirped waveform with TBWP of 8, 160 and 10240. In ad-
dition, the proposed method features advantages of filter-free

structure and high flexibility, which may find promising appli-

cations in future multifunctional radar systems.
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