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Stimulated Brillouin Scattering Based Image-Reject
Microwave Signal Harmonic Down-Converter

Kunpeng Zhai ¥, Sha Zhu

Abstract—We propose and demonstrate a photonic microwave
signal harmonic down-converter with image rejection capability
via stimulated Brillouin scattering (SBS). A dual-polarization dual-
parallel Mach-Zehnder modulator (DP-DPMZM) is driven by a
radio frequency/image (RF/IM) signal and a local oscillation (LO)
signal to realize equivalent phase modulation and 4th-order double
sideband modulation respectively. The optical carriers from the
two arms of the DP-DPMZM can cancel out each other after
polarization combining, thereby increasing the useful optical signal
power in photodetection. Since the beating notes between the IM-
modulated signals and LO-modulated 4th-order sidebands inter-
fere destructively, the down-converted IM signals disappear natu-
rally, which makes the down-converted image parts be suppressed
in optical domain. By using an SBS-based dual-band microwave
photonic filter to suppress the RF modulated -1st-order sideband
and amplify the 4 1st-order sideband, destructive interference can
be broken. Therefore, the RF signal over frequency range of 21-28
GHz can be down-converted to intermediate frequency (IF) band,
and the image rejection ratio (IRR) can be also improved to more
than 55 dB. Under -160 dBm/Hz noise floor, the SFDR is 105.1
dB.-Hz?3.

Index Terms—Microwave photonics, harmonic frequency down-
conversion, image rejection.

I. INTRODUCTION

REQUENCY conversion technology occupies an impor-
F tant position in modern electrical systems, and can realize
up-conversion or down-conversion of microwave signals [1],
[2]. In radar systems, it is necessary to mix the received high-
frequency echo signal with the local oscillator (LO) signal to
realize frequency down-conversion at the receiver, so that low-
speed electrical devices can be used for signal post-processing.
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Benefiting from the high frequency, large bandwidth, low loss,
easy-reconfiguration, and anti-electromagnetic interference of
microwave photonics, photonic assisted frequency converters
have attracted lots of attentions [3], [4].

Simply, based on the single-sideband modulation of a dual-
parallel Mach-Zehnder modulator (DPMZM), radio frequency
(RF) signals can be down-converted to intermediate frequency
(IF) band. However, the RF and LO signals needs to be combined
and then sent to the input ports of the modulation, which may
cause undesired intermodulation effects [5]. By using an optical
filter to remove the -1st-order sidebands of the RF- and LO-
modulated carrier suppressed double sideband optical signals,
frequency down conversion can be realized [6]. Whereas, the
used of optical filter may restrict the frequency range of the
mixer. Frequency down conversion systems can also be achieved
based on four-wave mixing (FWM) effect in a semiconductor
optical amplifier (SOA) or high-order modulation of modulators,
which can enable microwave down-conversion in the electrical
domain with a low-frequency electrical LO [7], [8]. However,
due to the existence of the image (IM) signal whose frequency is
symmetrical to the RF signal with respect to the LO signal, the
down-converted IF signals in above schemes not only contain the
useful IF signal, but also have the undesired IM down-converted
interference signal, which may lead to fuzzy frequency identifi-
cation and even distortion of useful IF signal. In order to reduce
the interference of IM signal, a Hartley structure is commonly
used to introduce an additional 90° phase shift between two
electrical or optical IM signals at the end of the mixing system
[9], [10], [11]. In this way, the down-converted IM signals can
be eliminated after interference cancellation. Brillouin carrier
suppression technique can be used to achieve mixer using the
SBS loss spectrum to suppress the carrier of optical signal [12],
[13]. A straight-forward way to realize the mixer is setting the
phase shift of the photonic microwave phase shifter [14]. The
other approach for image rejection is based on a microwave
photonic filter to select the desired signal and suppress the image
[15]. However, since no gain is applied to the RF signal, the
image rejection ratio (IRR) of these schemes is limited. It should
be noted that for an image-reject frequency down-converter, a
high-frequency LO signal source is always essential to achieve
frequency down-conversion of high-frequency RF signals to
an intermediate frequency band. Therefore, an image-reject
harmonic frequency down-converter with high rejection ratio
is urgently desired.

In this paper, we propose and experimentally demonstrate a
photonic harmonic down-converter with high image rejection
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Fig. 1.
converter.

Schematic diagram of the proposed photonic frequency down-

ability based on stimulated Brillouin scattering (SBS). A RF/IM
microwave signal and a LO signal is used to generate equivalent
phase modulated optical signal and 4th-order optical sidebands
respectively in a dual-polarization dual-parallel Mach—Zehnder
modulator (DP-DPMZM). The gain spectrum and attenuation
spectrum of a dual-pump SBS are respectively applied to the
+Ist and -1st-order optical sideband of the RF signals to realize
the conversion from phase modulation to intensity modulation.
Therefore, the RF signal can be down-converted to IF band after
photodetection and the IRR can be increased due to the gain
of the RF signal. The gain spectrum of the SBS pump signal
amplify the +1st-order RF modulated optical sideband. After
photodetection, the power of the corresponding IF signal will
be improved accordingly. Therefore, the image rejection ratio
can also be increased. For the IM signal, there is an equivalent
phase modulation relationship between its sidebands and the LO
optical signal used for down-conversion. The down-converted
IM signals will interference cancellated, and the image rejection
are achieved. Moreover, the 4th-order sidebands of LO signal are
used to perform frequency conversion, which allows us to use
a cost-effective low frequency LO source to construct a high-
performance microwave photonic harmonic frequency down-
converter.

II. PRINCIPLE AND THEORY

The schematic diagram of the proposed scheme is shown in
Fig. 1. The optical signal emitted from a laser diode (LD) is di-
vided into two paths. The upper path is used to realize frequency
conversion, while the lower path is used to generate dual-pump
SBS signals. The DP-DPMZM in the upper path consists of two
orthogonally polarized dual-parallel Mach-Zehnder modulators.
The x-DPMZM consists of sub-MZM1 and sub-MZM2, the
y-DPMZM consists of sub-MZM3 and sub-MZM4. As shown
in Fig. 1, the x-DPMZM is driven by an RF and an IM signal.
By biasing the two sub-MZMs and the main x-DPMZM at
maximum, minimum, and maximum transmission points and
applying Jacobi-Anger expansion, optical field at the output of
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Fig. 2. Simplified optical or electrical spectra at different pots in Fig. 1.

the upper DPMZM can be written as
1 ,
E1 (t) X ZEoeijt .

Jo (Brr) + J1 (Brr) e77r"
x | =Ji (Brr) e 7R+ Jo (Brim) ;
+Jp (BIM) eJwimt _ Ji (5IM) e Jwimt

ey

where wq and Ej are the angular frequency and amplitude of
the optical carrier. Vypp(f) = Vypcos(wWrpt), wrr and Vi are
the angular frequency and amplitude of the RF signal. Vi (t)
= Viycos(wrumt) wry and Vi are the angular frequency and
amplitude of the IM signal, Srpr = 7VgRp/V, and By =
7V imlV, are the modulation index of the sub-MZMs, V; is the
half-wave voltage of the sub-MZMs, Jy and J; are the zeroth-
and first-order Bessel functions of the first kind. Therefore, the
first-order RF and IM sidebands and optical carrier are generated
as shown in Fig. 1(a).

Similarly, sub-MZM3 and sub-MZM4 are driven by a LO sig-
nal. The power of the LO signal is 10 dBm before sending to the
modulator. Here, we used a 90° hybrid to realize optical carrier
and 4th-order optical sideband modulation. A 90° hybrid is used
to generate sine and cosine LO signals which are respectively
loaded onto the two sub-MZMs of y-DPMZM. By setting the
three direct current (DC) biases of the y-DPMZM as 0 V, the
optical field at the output of the y-DPMZM can be given by

1 . jBrosinwrot —jBrosinwrot
E2 (t) X gEoeijt : |:_(f (e]ﬂLO cos wL:; j_ 6*.75LO COSLUL)Ot>:|
1

o = Eged«ot .
2

Jo (Bro) + Ja (Bro) e’ 4w ro*
+J1 (Bro) e 7 4wrot

where Vi, o(t) = Viosin(wgrt), wro and Vi, o are the angular
frequency and amplitude of the LO signal, .o = 7V5o/Vx
is the modulation index of the sub-MZMs, J, is the 4th-order
Bessel functions of the first kind. Therefore, a 4th-order double-
sideband signal modulated by the LO signal is generated in the
y-DPMZM, as shown in Fig. 2(b).

A polarization controllerl (PC1) and a polarizer (Pol.) are
cascaded after the DP-DPMZM to realize polarization combi-
nation. The optical field after the Pol. can be expressed as

Epo.(t) = cosay - Ei(t) +sinay - Ex(t)e?™,  (3)

}, )

where o is the angle between the polarization direction of
the Pol. and one principal axis of the polarization beam com-
biner (PBC), 7 phase shift between the two optical signals is
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introduced by PC1. Under the condition of cosay-2[Jo(BRrF)
+ Jo(B1m)] = sinag-Jo(BLo), the optical carriers from the
x-DPMZM and y-DPMZM can cancel out each other. Actually, a
paralleled dual-parallel Mach—Zehnder modulator (DPMZM) is
enough for our proposed mixer. With the development of the user
defined integrated modulator chips, our system can get rid of the
polarization sensitivity. Last and most important, based on the
SBS effect, the proposed mixer can realize harmonic frequency
down-conversion and high image-reject ratio as well as break
the frequency limitation of most optical bandpass filter involved
schemes simultaneously. In this context, the output optical signal
of the Pol. is shown in Fig. 2(c) and given by

1 .
Epo (t) ZEO cos ap /w0t

o [ J1 (Brr) e?*rrt — Ji (Brr) e Jwrrt ]

H+J1 (Brar) €970 — Jy (Brag) e 9@t

1 .
+ §E0 sin ay e/@ot

X |4 (Bro) ottt gy (Buo) e ot |y

In the lower dual-pump SBS signal generation path, a mi-
crowave signal is applied to the MZM. By biasing the MZM at
its minimum transmission point, the output optical signal can be
written as

1
EMZJV](t) o one X

Jwet 2J1 (ﬁp) ej(iwpt+%) (5)
2 20 () lerttE) |

where wp and Vp are the angular frequency and amplitude of
the SBS pump signal, Sp = 7wV p/V, is the modulation index
of the sub-MZM:s, f,, is the frequency of the driven microwave
signal. Thus, as shown in Fig. 2(d), a carrier-suppression double
sideband (CS-DSB) modulated signal is generated. After being
amplified by an erbium doped fiber amplifier (EDFA), the two
optical sidebands are fed into the highly nonlinear optical fiber
(HNLF) through a circulator (CIR) and act as dual-pump light to
excite the SBS effect. By setting f;, = frrp+V p, where v is the
Brillouin frequency shift of the HNLF, the SBS-gain spectrum
applies to the +1st-order optical sideband of RF-modulated
signal, while the SBS-attenuation spectrum applies to the -1st-
order optical sideband of RF-modulated signal, as illustrated in
Fig. 2(e). The conversion from phase modulation to intensity
modulation of RF signal can be achieved. The pump induced
SBS gain factor g and loss factor « is described as

(Up/2)°

gapy=%_Te/27 90 TeAh
2 Af2+(Tp/2)° "4 A+ (Tp/2)%
(62)
_ o (Tg/2° g0 TAf
CBR =5 Af3+(Tp/2)* "4 Af+(T/2)"
(6b)

where gy and I'p are the line-center gain factor and Brillouin
gain bandwidth of the HNLF respectively, Af; = |f-(fp+/p)| is
the frequency deviation from (fy-+f,), and Afa = |[f-(fo-fp) | is
the frequency deviation from (fy-f,,). We adjust the polarization
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Fig. 3. Optical spectra of (a) at the output of DP-DPMZM, (b) after Pol., (c)
after SBS process, and (d) after OBPF.

state of SBS pump path to make it be the same as that of upper
path by PC2. As the optical signals propagate along the HNLF,
the SBS process acts on the signal path. The peak in 1550.4 nm
is an SBS noise which is resulted from the SBS gain spectrum
of the -1st-order SBS pump signal, and it can be easily removed
by the cascaded OBPF as shown in Figs. 2(f) and 3(d). When
the optical signals are detected by a PD, the down converted IF
signals are expressed as

G (Afrr) - J1(BrF) - J1 (Bro)
T(#) o {XCOS [I(?jRF—‘lwIZl:))t]iq’L(ZfRF)}

1 .
X gEg COS vy Sin aq

- {A (Afrr) - J1 (Brr) - Ja (Bro) }
x cos [(wrr — 4wro) t] + @ (AfrF)
(N

1 .
X gEg cos o sin ar,

Due to the destructive interference between the two IM fre-
quency down converted signals, the image rejection is achieved.
The G(Af), A(Af), and D(Af) is Eq. (8) are expressed as

_ golpL  (T'p/2)
G (Af) =exp { 2 A1 (Tp/2) } ; (8a)
_ _golpL  (Tp/2)?
A(Af) =exp { 2 ARt (Tp/2)7 } ) (8b)
®(Af) = golpL  Af-Tp (80)

4 Af2+(Tg/2)7
where L is the length of the HNLF, and /p is the optical pump
power injected into HNLF, Afgr = fp-vp-far. Since f, =
frr+vp, we can obtain Afgr = 0, ®(Afgr) = 0, G(Afrr)
= Guaxs A(AfRF) = Apin- The Eq. (7) can be rewritten as

I(t) o { (Gmax - Amin) ' Jl (BRF) : J4 (ﬁLO) }

x cos [(wrr — dwro) ]

©))

1 .
X gEg CoSs avp Sin vy,
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Thus, an image-reject harmonic frequency down-converter
with high rejection ratio is realized.

III. EXPERIMENTAL SETUP

A proof-of-concept experiment was constructed to verify the
proposed harmonic down converter. A CW optical signal was
divided into two parts, one part was fiber-coupled into a DP-
DPMZM (Tektronix OMS5110), the other part was launched into
the MZM (iXblue MX-LN-40). A 5 dBm 22 GHz RF signal
emitted by microwave source (Keysight N5 183B) was sent to
the input ports of the x-DPMZM. As analyzed in theory, the
DC biases of sub-MZM1, sub-MZM2 and main-x-DPMZM at
set as 0 V, 3.5V, and O V respectively. An equivalent phase
modulated optical signal is shown in the blue line of Fig. 3(a).
At the same time, a 5 GHz LO signal with power of 10 dBm
was sent to a 90° electrical hybrid and then applied to the two
microwave input ports of the y-DPMZM. By setting all the DC
biases of sub-MZM3, sub-MZM4 and main-y-DPMZM at 0 V,
optical carrier and 4th-order optical sideband modulation can be
obtained in y-DPMZM. It should be noted that a four-channel RF
amplifier is added before the modulator in Tektronix OM5110,
so the microwave signal is amplified by a linear amplifier before
being sent to the modulator, resulting in the high-order sideband
power of LO signal. Moreover, when DPMZM realizes carrier
suppression and t-4th-order sidebands modulation, the power of
4th-order sidebands is the sum of the 4th-order sidebands in sub-
MZM3 and sub-MZM4. This will further increase the 4th-order
LO signal power. The resolution of the OSA is 0.02 nm, which is
difficult to distinguish the RF and LO signals in optical spectra.
By adjusting the cascaded PC, the optical carriers can cancel
out each other after polarization combination as illustrated in
Fig. 3(b).

Itis worth noting that, when any one of the modulation indices
of the RF, IM and LO signals changes, we need to readjust PC1
according to the signal power to satisfy the cancellation condi-
tions. Fortunately, the uncompleted suppressed optical carrier
signal does not have much effect on the image-reject microwave
signal harmonic down-converter, since the frequency of the
beating signal between optical carrier and other sidebands is
far from the desired frequency down-converted signal. Here we
suppress the optical carrier to increase the useful power sent to
the PD. In addition, for the polarization sensitivity, polarization-
maintaining optical devices and polarization feedback controller
can be used to control the polarization stability of the system in
real-world application. The MZM in lower path is driven by an
SBS pump microwave signal at frequency of 31.42 GHz.

By amplifying the power of the lower dual-pump stimulated
Brillouin scattering (SBS) signal to 20 dBm and feeding it into
the highly nonlinear optical fiber (HNLF) through a circulator
(CIR), SBS effect can be stimulated in the upper path. The SBS
gain spectrum and attenuation spectrum are also important for
RF sideband amplification and suppression, which indirectly
improves the power of down conversion signal. By biasing
the MZM at minimum transmission point, a dual-pump SBS
signal is generated. After being amplified by an EDFA (Keopsys
CEFA-C-HG), the SBS pump signal injected into a spool of
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Fig. 4. (a) Electrical spectra of the down-converted IF signal and IM signal.
(b) Waveforms of the down-converted IF signal and IM signal.

HNLF through an optical circulator to exceed the SBS effect.
Fig. 3(c) shows the optical signal in upper path after being
processed by SBS. Afterwards, an optical band pass filter (OBPF,
Yenista OPTICS XTA-50/U) is used to remove the SBS pump
signals and noise in the signal path and its passband bandwidth
is wide. For most OBPF involved mixing schemes, the OBPF
is used to suppress undesired signal optical sideband which is
different from our system. Due to the slow rise and slow down
edges of the OBPEF, their low frequency operational range is
limited. Fig. 3(d) shows the optical spectra of the filtered optical
signals. By broadening the electrical pump signal, it is possible
to obtain a wideband SBS spectral responses [16], [17], [18].
Therefore, if we can use an arbitrary waveform generator (AWG)
to generate a wideband signal as the pump light for the SBS
effect, a broadband optical gain and attenuation spectrum can
be realized to process wideband signals.

When the optical signals are detected by a PD (Optilab PD-
40-M) and then shown in spectrum analyzer (Rohde&Schwarz
FSW), the RF signal can be frequency down-converted to IF
band. The blue lines in Fig. 4(a) and (b) shows the corresponding
electrical spectrum and time-domain waveform of the obtained
IF signal whose power is -26 dBm, frequency is 2 GHz and
period is 0.5 ns. In order to verify the image rejection of the
proposed mixer, the frequency of 22 GHz was adjusted to 18
GHz. The red line in Fig. 4(b) shows the electrical spectrum
of the down-converted IM signal. The power is more than 55
dB lower than the desired IF signal. From the waveform of the
red line in Fig. 4(b), it can be seen that the amplitude of the
IM waveform is nearly 0 mV which agrees well the electrical
spectrum.

Afterwards, the image rejection ability over a wide band
is verified. First, we investigate the ability to down convert
microwave signals from different frequency bands to the same
IF frequency. The frequency of the RF signal is adjusted from
21 GHz to 28 GHz, while the LO signal frequency is changed
from 4.75 GHz to 6.5 GHz accordingly. In our experiment, the
bandwidth of the mixer is mainly limited by the used electrical
90° hybrid coupler which is 4.5 GHz-7 GHz. If an electrical
90° hybrid coupler with large bandwidth can be used, frequency
range of the image-reject harmonic frequency down-converter
can be improved a lot. Fig. 5 shows the electrical spectra of
the frequency down-converted RF signals under the same IF
frequency of 2 GHz. The power of the down-converted RF
signal, as shown by the blue line in Fig. 6(a), is in the range
of —23 to —26 dBm.
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TABLE I
PEFORMANCE COMPARATION

et | RR SFDR | Gain | RF LO IF
| @B) | (@B-Hz?) | (dB) | (GHz) | (GHz) | (GHz)

O] | NA 108 210 | 40 399 | 0.1
[11] | 4o 100.6 -50 320500 30 3'0202
[13] | NA 93 40 | 13 | 1087 | 213
[14] | 60 NA NA | 21 20 1
[15] | 60 110 NA | 12 1 1
Our 1 o5 105.1 40 | 21 5 1
work

In order to check the image rejection, the frequency of the
IM signal is tuned from 17-24 GHz. The measured electrical
spectra and the power of the down-converted IM signals are
shown in the red lines of Figs. 5 and 6(a). All powers are below
-80 dBm. Fig. 6(b) shows the measured IRR of the frequency
down converter. Benefiting the SBS effect, the IRRs are more
than 55 dB.

Next, we kept the frequency of the LO signal at 5 GHz, while
the frequencies of the RF and IM signals are changed from
21-28 GHz and 19-12 GHz to verify the tunability of the IF
band. The 21-28 GHz RF signals are harmonic down-converted
to 1-8 GHz using a 5 GHz LO signals. The IRRs of both the
two situations are more than 55 dB. Fig. 7 shows the electrical
spectra of the frequency IF signals under the same LO frequency
of 5 GHz. The power of the down-converted RF signal, as shown
by the blue line in Fig. 8(a), is in the range of —23 to —26 dBm.
By tuning IM signals from 19-12 GHz, the image rejection was
checked. The measured electrical spectra and the power of the
down-converted IM signals are shown in the red lines of Figs. 7
and 8(a). All powers are below —80 dBm. Fig. 8(b) shows the
measured IRR of the proposed frequency down converter. IRRs
in excess of 55 dB can be obtained. The limited IRR can be
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attributed to the lower frequency down-converted RF signal
power and the higher frequency down-converted IM signal
power. First, from the optical spectrum of Fig. 3(c) and (d), it can
be seen that the suppression ratio of the - 1st-order RF-modulated
optical signal is about 20 dB, that will decrease the power of the
frequency down-converted RF signal. Second, the incomplete
equivalent phase modulation of the IM signal caused by the DC
bias errors and drifts is also an important reason, resulting in a
down-converted IM signal, which also reduces the IRR. Thirdly,
another reason for low IRR is the power of down-converted IF
signal is relatively low. By increasing the input power of the RF
and LO signal, the IRR can be further improved.

Finally, we measured the dynamic range of the proposed
image rejected mixer. To measure the dynamic range, a two-tone
signal with frequency of 22 GHz and 22.01 GHz are sent to
the input of the DP-DPMZM. The LO signal is set as 5 GHz.
Afterwards, the power of the desired 2 GHz and 2.01 GHz
fundamental signals and undesired 1.99 GHz and 2.02 GHz
IMD3 signals are measured by an electrical spectrum analyzer.
After fitting the parameters as shown in Fig. 9, the SFDR can
be obtained. The output power of the fundamental term and
the third-order intermodulation distortions (IMD3) are shown
in Fig. 9. The noise floor is at -160 dBm/Hz which is measured
by electrical spectrum analyzer, and a spurious free dynamic
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range (SFDR) of 105.1 dB-Hz*? are obtained. The gain of
the system is about —40 dB, because there is no built-in or
external amplifier in PD, and EDFA is not added to the RF
signal optical path. And we compare the performance of our
mixer with other schemes in Table I. It shows that the frequency
of the used LO signal for high frequency RF signal down-
conversion in our system is much lower than other systems,
which can decrease the high-frequency requirement of LO signal
source.

IV. CONCLUSION

In this paper, a flexible photonic microwave image rejection
harmonic down-converter based on SBS has been theoretically
and experimentally demonstrated. A DP-DPMZM is driven by
the RF/IM signal and LO signal to generate equivalent phase
modulation. Based on the SBS effect, the proposed mixer can
realize harmonic frequency down-conversion and high IRR, as
well as break the frequency limitation of most optical bandpass
filter involved schemes simultaneously. By adjusting the RF
signals from 21 GHz to 28 GHz, the IF signals can be down
converted to 2 GHz when the LO signals change from 4.75 GHz
to 6.5 GHz, and the IF signals can also be down converted to 1-8
GHz when LO signals are fixed at 5 GHz. Experimental results
exhibit an image rejection of larger than 55 dB, and the SFDR
is 105.1 dB-Hz*".
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