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A Reconfigurable Photonic Microwave Mixer
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Abstract— A reconfigurable photonic microwave mixer is
proposed using a 90° optical hybrid. To perform the reconfig-
urable mixing, an optical carrier is split into two branches. One
portion is intensity-modulated by an RF or intermediate fre-
quency signal, and the other is driven by a local oscillator (LO).
Each generates an optical sideband. The two sidebands from the
two branches are introduced to the signal port and the LO port of
an optical hybrid which typically has four output ports, namely,
I, I, Q1, and Q3. When any one of the outputs is detected by
a photodetector (PD), a single-ended mixer is obtained. If one of
the combinations (11, I2) and (Q1, Q2) is sent to a balanced PD,
a balanced mixer is realized. When Iy (or I,) and Q1 (or Q3)
are detected by two PDs, an I/Q mixer with quadrature outputs
is achieved. When an electrical 90° hybrid is used to combine the
two outputs of the I/Q mixer, image-reject mixing is implemented.
A theoretical model is established to analyze the proposed mixer,
and an experiment is also carried out. The results demonstrate
that the proposed mixer can achieve reconfigurable mixing
functions by simply changing the photodetection method.

Index Terms— Balanced mixer, image reject, microwave pho-
tonics, mixer, optical hybrid.

I. INTRODUCTION

FREQUENCY mixer, which is used to upconvert a

baseband or intermediate frequency (IF) signal to the
RF band, or to downconvert an RF signal to the IF band,
is regarded as an important module in microwave systems.
Compared with the electrical mixer, the microwave photonic
frequency converter becomes more and more popular because
of its advantages of broad bandwidth, high RF, and local
oscillator (LO) isolation and immunity to electromagnetic
interference [1]. Besides, the low transmission loss and light
weight of the optical components, especially the optical fiber,
make the photonic microwave mixer more attractive for some
applications in harsh environments, for instance, the avion-
ics [2], radar receiver [3], and satellite payloads [4], [5].
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It is well known that frequency mixing is an effect caused
by nonlinearity. Based on different nonlinear media, various
efforts have been studied to perform photonic mixing in the
literature. For example, a semiconductor laser can be used to
perform photonic frequency mixing [6]. Since the bandwidth
of the laser diode (LD) is usually small, this kind of mixer can
only be applied when the RF is low. The semiconductor optical
amplifier (SOA) is also a promising device to realize photonic
frequency mixing, thanks to the strong nonlinear effects, such
as cross-phase modulation [7], four-wave mixing [8], cross-
gain modulation [9], and cross-polarization modulation [10].
The major problem associated with SOA-based methods is
the poor quality of the converted signal. The nonlinearity in
an electro-optical modulator was also applied to implement
photonic frequency mixing [11], [12]. From then on, consider-
able efforts have been devoted to study the external-modulator-
based photonic frequency mixing thanks to the relatively large
bandwidth and well-controlled nonlinearity of the electro-
optical modulators [13]-[22]. The most common architecture
of the external-modulator-based photonic mixer is constructed
by connecting two optical modulators in series [13]. The key
advantage of this approach is the ultrahigh isolation since the
RF and LO signals are introduced to different modulators.
However, it has two main drawbacks of low conversion
efficiency (due to the large insertion loss of the cascaded
modulators) and large mixing spurs (generated by the fre-
quency beating within the useless sidebands). To increase the
conversion efficiency, a carrier-suppressed modulation scheme
followed by optical amplification can be applied [14]-[16],
and to reduce the mixing spurs, the undesirable sidebands
are removed by optical filters (OFs) [17], [18]. The reduction
of the spurious and the improvement of the conversion effi-
ciency can be simultaneously achieved based on a dual-drive
Mach—Zehnder modulator (MZM) [21], [22], which has no
LO and RF leakages thanks to the elimination of the optical
carrier.

Although photonic frequency mixing has been studied
for nearly three decades, most of the implementations only
achieve the fundamental mixing function, i.e., single-ended
mixing, and many other advanced frequency mixers have
rarely been realized, such as the balanced-mixer (double-
balanced or triple-balanced mixer), I/Q mixer (also called
quadrature mixer), and image-reject mixer (or single-sideband
mixer). Compared with the single-ended mixer, the balanced
mixer can suppress the dc components and reduce spurious
mixing [23]; the I/Q mixer (or quadrature mixer) could achieve
a phase-irrelevant frequency conversion, which produces
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Fig. 1. Schematic of the reconfigurable mixer. LD: laser diode. PC: polariza-
tion controller. CS-SSB Mod: carrier-suppressed single sideband modulator.
MZM: Mach—Zehnder modulator. OF: optical filter. EDFA: erbium-doped
fiber amplifier. ESA: electrical spectrum analyzer. PD: photodetector.

two quadrature signals; and the image-reject mixer (usually
used for downconversion) can avoid interference from the
spurious signals at the image frequency [24]. Previously, a
photonic I/Q downconverter using a parallel phase-modulation
structure was proposed in [25], but quadrature LO sig-
nals are needed to obtain the quadrature outputs. The pho-
tonic image-reject mixers were also demonstrated [26]-[28].
In [26] and [27], two exact quadrature LO signals are also
required to achieve an acceptable image-reject ratio (IRR),
while in [28] multiple conversion stages together with pre-
filtering are employed, resulting in a complex and bulky
system. Recently, we have reported a reconfigurable frequency
mixer using an optical 90° hybrid, which can implement all
the aforementioned mixing functions [29], but only some
preliminary experimental observations have been reported.

In this paper, a more comprehensive study of the reconfig-
urable photonic mixer using a 90° optical hybrid is carried
out. A detailed theoretical analysis and experimental demon-
strations are carried out. Seen from the results, this frequency
mixer has three distinguishing features.

1) Single-ended, double-balanced, I/Q, and image-reject
mixing can be obtained by changing the detection
scheme to the outputs of the optical hybrid.

2) The signals applied to the photodetectors (PDs) only
contain the necessary first-order sidebands, so the mix-
ing spurs and the RF/IF and LO leakages generated by
the frequency beating between the useless sidebands can
be highly suppressed, i.e., no electrical filter is needed
to select the desired signal, which ensures a multioctave
operational frequency range.

3) Compared with the conventional quadrature and image-
reject mixers based on the electrical 90° hybrid coupler,
the stage for the generation of exactly quadrature LOs
is not required due to the use of the 90° optical
hybrid, which ensures broadband operation and simple
configuration.

The principle analysis of the reconfigurable mixer is pre-
sented in Section II. In Section III, an experiment is carried
out to verify the performance and the results are also shown.
In Section IV, some discussions are provided, and a conclusion
is drawn in Section V.

II. ANALYSIS
A. Principle

Fig. 1 shows the schematic of the reconfigurable mixer.
An optical carrier generated by an LD is split into two
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equal branches by an optical coupler. The optical carrier in
the upper branch is sent to a carrier-suppressed single side-
band modulator (CS-SSB Modl) via a polarization controller
(PC, PC;). An RF or IF signal is sent to the RF port CS-
SSB Modl. The CS-SSB Modl can be implemented by a con-
ventional intensity or phase modulator together with an opti-
cal bandpass filter or a commercially available dual-parallel
MZM (DPMZM) [29]. Due to the CS-SSB modulation, only
one of the first-order sidebands would be generated. For
simplicity, we assume that the negative first-order sideband
is obtained, so the optical signal in the upper branch can be
written as

Pin .
Es = -\ 5 i VG111 (Bs) explj (@ — ws)t] (1)

where w, and Py, are the angular frequency and power of the
optical carrier, wg is the angular frequency of the RF/IF signal,
G is the gain of erbium-doped fiber amplifier (EDFA}),
Jp represents the first-order Bessel function of the first kind,
fs is the modulation index, Vg is the amplitude of the RF/IF
signal, and f; is the insertion loss of CS-SSB Modl.

The optical carrier in the lower branch is sent to a
second CS-SSB modulator (CS-SSB Mod2) via PC;, which
is then modulated by an LO. After amplified by the lower
EDFA (EDFA;), the output signal is expressed as

Pin
EL =+ TJEJG_M (Br) explj(we £ o)l (2)

where w; is the frequency of the LO, G is the gain of
EDFA,, f1 is the modulation index of CS-SSB Mod2, and
tipp is the insertion loss of CS-SSB Mod2. To implement
frequency downconversion or upconversion, CS-SSB Mod2
should be able to produce either negative or positive first-order
sideband.

Then, the signal in (1) is sent to the signal port of the
90° optical hybrid, and the optical signal in (2) is introduced
to the LO port of the optical carrier. Four output signals
from the four output ports of the optical hybrid can be
obtained,

I = E[—M/G_ﬂl (Bs) explj (we — ws)1]
+ i/ G2 1 (Br) explj (@ £ wp )]
L= @[—M\/G_ﬂl (Bs) explj (we — ws)t]
F Vi GaJx1 (Br) explj (@c £ wp)1]]
01 = \/?[_«/E\/G_l-ll(ﬂ?) explj (e — ws)1]
+ j /iy GaJx1 (BL) explj (@ £ wp)i]]
02 = E[—M/G_ﬂl (Bs) explj (e — ws)t]
F JVimy/ G s (Br) explj(@c £ or)]l - (3)

where I > denote the in-phase outputs and Q1 represent the
quadrature outputs.
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If each of the output signals is directed into a PD, the
generated photocurrents can be given by

Pa,

in = ?%3&/%!&2\/ G1G2J1(Bs)J1(BL) cos(ws £ wp )t
PA

i = :t?mm\/fffl tin/ G1G2J1(Bs)J1(BL) cos(ws £ wp)t
P, .

ig, = iTInm\/tffltffZ\/ G1G2J1(Bs)J1(BL) sin(ws & wp )t

P .
ig, = :F?mm\/tffltffh/ G1G2J1(Bs)J1(BL) sin(ws &+ wp )t
(4)

where N denotes the responsivity of the PD.

As can be seen from (4), all the outputs contain the com-
ponent at the mixing frequencies of wg + wr, so each of them
can be functioned to be the simplest single-ended frequency
mixer. Since iy and ijp or ig; and igy are out of phase,
if a balanced PD is used, balanced frequency mixing can
be achieved. In addition, considering that a quadrature phase
difference exists between the in-phase outputs (i7; and ij2)
and the quadrature outputs (ip; and ig>), a frequency 1/Q
mixer can also be realized. When two outputs of the I/Q mixer
are quadraturely combined by an electrical quadrature hybrid
coupler, an image-reject mixer for frequency downconversion
could be obtained.

To explain the image rejection downconversion, an image is
applied to CS-SSB Modl together with the useful RF signal.
Then, the optical signal output from the upper branch can be
expressed as

Py .
E =,/ 7[—@@ J1(Bs) explj (we — w))t]
— Vir1v/G1J1(Bs) explj (wc — ws)t]]  (5)

where w; = wr — o the angular frequency of the image.
In this case, ij; and igq in (4) can be rewritten as

Pin
i, = — Wity G1G2J1(Bs) J1(BL)
x[cos(wr — wy)t 4 cos(ws — wp)t]
Pin
ip, = — Wity G1G2J1(Bs)J1(BL)
X[sin(wr, — wy)t — sin(ws — wp)t]. (6)

When the signals in (6) are quadraturely combined and con-
sidering that ws — wp = 0 — wj = W, we get

P.
IF = %m\/l‘fﬂ tt/ G1G2J1(BRr)J1(BL)
X [sin (a)L —wy — %) t + cos(wy, — wy)t

) bis
+ cos (ws — wr)t — sin (a)g —wp — 5) t]
= PVt ti/ G1G2J1(BRr)J1(BL) cos(ws — wp)t.

(7
The unwanted component at the frequency of w; —wy, as can

be seen from (7), is significantly removed, i.e., the image
rejection is realized.
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Fig. 2. Simulated electrical spectra of the proposed reconfigurable photonic
microwave mixer (solid line) and the conventional cascaded-MZM-based
photonic microwave mixer (dashed line) using Optisystem software. Inset:
zoomed-in view of the peaks.

B. Conversion Efficiency

Taking the single-ended frequency mixer realized using the
proposed scheme for frequency downconversion as an exam-
ple, using an approximate expansion of the Bessel function
with Jy(fs) & Bs/2, i1 can be rewritten as

P

IF = %m\/tfflfffZ\/ G1G2fsJ-1(BL) cos(ws — wp)t. (8)

Then the conversion efficiency can be expressed as

16 Vi

where Rj, is the equivalent input resistance of the modulator
and Ry is the equivalent load resistance of the PD. Seen
from (9), the conversion efficiency of the reconfigurable mixer
is proportional to the multiplication of the gains of the two
EDFAs, i.e., G1G3. Therefore, an effective way to improve
the conversion efficiency is to increase the gain of the EDFAs.

For comparison, the conversion efficiency of the conven-
tional photonic frequency downconverter based on cascaded
intensity modulators [10] biased at quadrature point is given by

P2 T 2
n= 2R 110G 1 G2 (—) [J_1(BL) RinRouwt  (9)

2 2
g =thgragr (1) Ji (B1)? RinRowe  (10)
16 Vi
where Pj, is the optical power of the optical carrier, f is the
insertion loss, and Ggppa is the gain of the optical amplifier.

In the proposed mixer, only two useful first-order sidebands
are introduced to the PD, and the optical carrier which always
has the largest power is suppressed. This means, for the same
incident power to the PD, tg1G1G> in the proposed mixer
would be much higher than (tffGEDpA)2 in the conventional
mixer based on cascaded MZMs. As a result, the conversion
efficiency of the proposed mixer would be preferable.

The simulated conversion efficiencies of the proposed mixer
and the conventional photonic microwave mixer [13] based
on Optisystem software is shown in Fig. 2. Assuming that for
both the mixers, the average power of the optical signal applied
to the PD is 10 dBm, the power of the IF signal outputs from
the proposed mixer is 10 dB higher than that of the IF signal
outputs from the conventional photonic microwave mixer
based on cascaded MZMs, as can be seen from the zoomed-
in view of the peaks in Fig. 2, confirming that the proposed
reconfigurable mixer has a higher conversion efficiency.
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Fig. 4. Measured optical spectra of the signals in the upper branch.

III. EXPERIMENT AND RESULTS
A. System Structure

Based on the schematic diagram in Fig. 1, an experiment is
carried out. Fig. 3 presents the photograph of the experimental
setup. A lightwave with a wavelength of 1552.5 nm and a
power of 18 dBm is generated by an LD (Teraxion Inc.)
and divided into two equal parts. Each branch has a
CS-SSB modulator and an EDFA. The CS-SSB modulator
is implemented by an MZM (MZM; and MZM;) and an
OF (OF; and OF;). The bandwidth of the MZM is 40 GHz
and the half-wave voltage is less than 4 V. OF; in CS-SSB
Modl is realized by a commercially available programmable
optical filter (Finisar 4000s) and OF; in CS-SSB Mod?2 is per-
formed by a tunable optical bandpass filter (Yenista XTM-50).
RF signal is generated by a vector signal generator (Agilent
E8267D) and an analog signal generator (Agilent E8257D)
is used to generate the LO. The two branches are combined
by a 90° optical hybrid (Kylia COH28). An optical spectrum
analyzer (YOKOGAWA AQ6370C) and a 43-GHz electrical
spectrum analyzer (Agilent N9030A) are used to measure the
optical and electrical spectra, respectively. To observe the elec-
trical waveform, a 32-GHz four-channel digital oscilloscope
(Agilent DSO-X 92504A) is also used.

B. Frequency Downconversion

To achieve the frequency downconversion, negative
first-order RF and LO sidebands should be obtained in the
upper and lower branches, respectively. To do so, the MZM in
the CS-SSB modulator is first biased at the carrier-suppression
double-sideband (CS-DSB) condition. Then, the negative first-
order sideband is selected by the optical bandpass filter. Fig. 4
depicts the optical spectra measured at the upper branch.
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Fig. 6. Measured waveforms of i (dashed line) and i;5 (solid line) for the
double-balanced mixer when the IF signal is 2.29 GHz.

The driving signal is a 5-dBm RF signal with a frequency
of 16 GHz. The dashed line and the solid line show the opti-
cal spectra before and after carrier suppression, respectively.
As can be seen, the optical carrier is suppressed by 57 dB
due to the CS-DSB modulation, and the negative first-order
sideband (shown as the short-dashed line) is selected by the
optical bandpass filter, whose transmission response is plotted
as the dashed-dotted line. Although a very small positive
first-order sideband can be observed, it has a relatively low
power, which can be neglected. Fig. 5 shows the optical
spectra measured from the lower branch. LO frequency is
13.71 GHz and power is 5 dBm. Similarly, through the
CS-DSB modulation realized by the MZM in CS-SSB Mod2,
the optical carrier is suppressed by 52 dB (solid line). The
dashed—dotted line in Fig. 5 is the filter response. With the
assistance of the filter, the negative first-order LO sideband is
selected, while the positive first-order sideband is almost fully
suppressed.

The two signals from the two branches are amplified by the
EDFAs, and introduced to the optical hybrid as the signal input
and LO input. Four PDs (30 GHz, 0.85 A/W) are connected
to the four outputs of the optical hybrid. Fig. 6 shows
the measured waveforms of i;; and i;. The waveforms of
i1 (dashed line) and ij; (solid line) have identical amplitudes
but opposite phases. According to the definition of the bal-
anced mixer, a double-balanced mixer is obtained.

Similarly, seen from the waveforms plotted in Fig. 7,
i71 (dashed line) and i (solid line) have the same amplitudes
with, however, a phase difference of #/2, indicating that an
I/Q mixer with quadrature outputs is realized.

Using a commercially available electrical 90° hybrid
(Krytar 3017360K, 1.7-36 GHz) to combine i;; and ig1,
the electrical waveform of the combined signal and the
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Fig. 9. Measured waveforms of iy (dashed line) and i (solid line) of the
photonic microwave I/Q mixer when the image is applied.

corresponding spectrum are depicted as solid lines in Fig. 8(a)
and (b), respectively. A 2.29 GHz IF signal with a power
of —15 dBm is generated. To demonstrate the image rejection
performance, an image at a frequency of 11.42 GHz is
introduced to the proposed mixer. Fig. 9 shows the measured
waveforms of ip; and i;; in this case. Compared with the
waveforms in Fig. 7, the two outputs are still quadrature, but
ip1 is phase shifted by #. The measured electrical waveform
of the obtained downconverted image is marked as a dashed
line in Fig. 8(a), when the two outputs are quadraturely
combined by the same IF quadrature hybrid. The amplitude
of the downconverted image is nearly zero. Seen from the
corresponding electrical spectrum shown as the dashed line
in Fig. 8(b), the downconverted image is less than —75 dBm.
This means, the IRR is more than 60 dB, which is higher than
most of the commercially available electrical image-rejected
mixers (typically ~30 dB).

Fig. 10(a) shows the downconversion efficiency when the
RF power is increased. As can be seen, the IF power increases
linearly with the RF power at different LO powers. When
the LO power is 10 dBm, the conversion efficiency that can
be found from the slope of the curve is about —10 dB.
Fig. 10(b) shows the relationship between the IF power and
the LO power. Again, a linear relationship is observed.
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Fig. 10. Measured electrical power of the IF signal versus the (a) RF power
and (b) LO power.

40 7

0 =undamental/
// IMD3

F power (dBm)
5

80 7+120 dBc- Hz*®
=-120
Noise floor
-160
-80 -40 0 40 80

RF power (dBm)

Fig. 11. Measured powers of the fundamental and IMD3 components versus
the power of the input two-tone RF signal.

The mixing distortion of the mixer is also evaluated. It is
well known that if a two-tone RF signal at the frequencies
of wg1 and wgy are applied to the photonic frequency mixer,
various distortions will be generated. Among all the distor-
tions, the third-order intermodulation distortions (IMD3) at the
frequencies of (2ws] —ws2)*wr and (2wsr—ws1)*wy, are the
most harmful ones, as they are usually very close to the desired
IF signal and cannot be removed by electrical filters. The
spurious free dynamic range (SFDR) of the proposed photonic
microwave mixer is measured by introducing a two-tone
RF signal with frequencies of 16 and 16.02 GHz to its upper
branch. The powers of the fundamental and IMD3 components
versus the power of the input two-tone RF signal are shown
in Fig. 11. If a noise floor at -160 dBm/Hz is assumed, the
calculated SFDR is about 120 dBc-Hz2/3, which confirms that
the mixing distortion of the mixer is well suppressed.

Then, the RF and LO frequencies are changed to obtain
IF signals at different frequencies. Fig. 12 shows the measured
electrical spectra of the downconverted IF signals when the
LO frequency is fixed at 16 GHz and a 17-33 GHz RF signal
is applied to the proposed mixer. As can be seen, wideband
frequency downconversion can be realized. Without the use
of any electrical filter at the end of the PD, the LO and RF
leakages and other mixing spurs are fully suppressed. Besides,
only the downconversion is achieved, and the sum-frequency
component, which is usually difficult to be removed for the
conventional electrical and photonic frequency mixers, are
eliminated.

C. Frequency Upconversion

To achieve frequency upconversion, the positive first-order
sideband is selected by changing the center wavelength of OF;
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Fig. 14. Measured waveforms of i;j; (dashed line) and i;» (solid line) for
the double-balanced mixer when the upconverted signal is 29.71 GHz.

in the lower branch. Fig. 13 shows the optical spectrum of the
selected sideband. The 16-GHz signal in the upper branch,
in this case, is viewed as the IF input. Fig. 14 shows
the electrical waveforms of i;; and i;jp. As can be seen,
the frequency upconversion is realized, and the two fre-
quency components have a phase difference of 7. Therefore,
a double-balanced frequency upconverter is achieved. The
waveforms of the i;; and igp; are also measured and shown
in Fig. 15. The two waveforms have a quadrature phase
difference, indicating a quadrature frequency upconverter is
achieved.

The upconversion efficiency of the proposed photonic fre-
quency mixer is studied. As can be seen from Fig. 16(a),
a linear relationship between the upconverted signal power and
the input IF power is observed. A similar result can be seen
from Fig. 16(b). Fig. 17 shows the SFDR performance of the
frequency upconverter. The measured SFDR of the proposed
reconfigurable mixer when working in the upconversion mode
is about 116 dBc - Hz?/3.

If the IF is adjusted from 1 to 15 GHz and the LO fre-
quency is fixed at 16 GHz, a tunable frequency upconversion

Measured spectra of the downconverted IF signals when the LO

Measured optical spectrum of the signal in the lower branch when
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Fig. 15. Measured waveforms of iy (dashed line) and iy (solid line) for
the I/Q mixer when the upconverted signal is 29.71 GHz.
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40
T o Fundamental //
o) / IMD3
©
= .40
-/
-80
4 7‘ 116 dBc: Hz2°
L 120
o Noise floor
-160
-80 -40 0 40 80

IF power (dBm)

Fig. 17. Powers of the fundamental and IMD3 components versus the input
two-tone IF signal power.

6. 28 3031

15

20
Frequency (GHz)

25 30 35

Fig. 18. Measured electrical spectra of the upconverted signals when the LO
frequency is fixed at 16 GHz and the IF is tuned from 1 to 15 GHz.

is achieved. Fig. 18 shows the spectra of the upconverted
signals. As it is difficult for the OF to select the positive first-
order sidebands when the IF is low, the conversion efficiency is
low when the frequency of the IF signal is lower than 2 GHz.
When the IF is larger than 4 GHz, the powers of the
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upconverted signals are significantly increased. The frequency
of the upconverted signal is restricted by the bandwidth of the
PD (~30 GHz in this experiment).

IV. DISCUSSION

For most microwave photonic mixers, the inherent non-
linearity of the nonlinear medium will inevitably generate
many undesirable sidebands. These sidebands together with
the residual optical carrier and the desired sidebands would
beat with each other at the PD to produce a considerable
amount of mixing spurs with frequencies of nwgs £ mwp
(n,m = 0,1,2,...). The existence of mixing spurs would
restrict the operational bandwidth of the frequency mixer. In
the proposed reconfigurable frequency mixer, the suppression
of mixing spurs is highly dependent on the purity of the
first-order sidebands generated by the CS-SSB modulators.
So far, the CS-SSB modulator has been implemented by a
conventional intensity or phase modulator together with an
optical bandpass filter or a commercially available DPMZM.
For the filter-based approach, an OF with a large edge slope
can be used to select the desired sideband while largely sup-
pressing the undesirable optical carrier and sidebands, and for
the DPMZM-based method, a high extinction-ratio DPMZM
has been reported, which can achieve a suppression ratio of
the undesired optical components as large as 47 dB [27].
If this DPMZM is applied, the mixing spurs will be very small.

If there are considerable undesirable sidebands (taking pos-
itive first-order sidebands as examples) existing in the optical
signals, (1) and (2) can be rewritten as

Es— — %mﬁhws)

x[explj(we — ws)t] + aexplj(we + ws)t]]  (11)
Pin
Ep == TJEJG_ﬂl(ﬁL)
x[explj(we — op)t] + fexplj(oe + wp)t]]  (12)

where a and f are the suppression ratios of the undesirable
sidebands by the OFs in the two branches, respectively. After
photodetection, the undesirable mixing spurs are given by

P.

i1 = OC%meIGl[Jl (Bs)]? cosQas)t
PA

ir = ﬁ%meZGz[Jl (BL)I* cosap )t

iz = (a +,3)%9Wlfﬂtff2\/ G1G2J1(Bs)J1(BL)

x cos(ws + wp)t. (13)

As can be seen, if a and g are sufficiently small, the powers
of the mixing spurs would be quite small compared with that
of the desirable frequency-converted components.

In the experiment, since the OFs we used have high edge
slopes, only the two useful first-order sidebands are selected
in the two branches. Therefore, after photodetection, only
the desired frequency-converted components are generated,
and the mixing spurs are effectively reduced, which can be
confirmed by the electrical spectra shown in Figs. 12 and 18.

The performance of the OFs would affect not only the
suppression of mixing spurs but also the frequency range
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Fig. 19. Measured (a) bandwidth of the RF/IF port and LO port and
(b) 1TP3 within the operational bandwidth.

of the proposed mixer. The lower bound of the frequency
range of the proposed mixer is related to the roll-off slope
of the OFs in the two branches. If the edge slope of the OF
is k dB/nm and the minimum unwanted sideband suppres-
sion ratio is @ dB, the minimum operation frequency of the
proposed mixer is calculated to be 125a/k, where the factor
125 is given because 1-nm bandwidth at 1550 nm corresponds
to 125 GHz in frequency [31]. Since the bandwidths of the
commercially available OFs can easily cover the entire C-band,
the upper bound of the operational bandwidth is restricted
mainly by the bandwidths of the electro-optical devices,
i.e., the modulators and the PDs. Because wideband OFs
are used, one may concern the influences of the undesired
second-order sidebands located in the passbands of the OFs.
However, the second-order sidebands will also be suppressed
thanks again to the carrier suppression modulation. Therefore,
wideband OFs with high roll-off factors are highly desired in
the proposed mixer to achieve wideband photonic microwave
mixing.

In the proposed mixer, since the roll-off factors of the
filters are about 500 dB/nm, to maintain more than 20 dB
unwanted sidebands suppression ratio, the lower bound of the
mixer’s bandwidth is about 5 GHz. The upper bound of the
bandwidth of the proposed mixer is limited by the bandwidth
of the PDs and modulators used in the experiment, which is
about 32 GHz. The measured bandwidth of the RF/IF port
and the LO port is shown in Fig. 19(a). It is measured by
a 67-GHz electrical vector network analyzer (R&S ZVAG67)
by adjusting the frequencies of the RF and LO signals to
make the IF fixed at 100 MHz. The power of the LO signal
is 10 dBm. As can be seen, within the frequency range
of 5.6-32 GHz, the conversion loss is below 15 dB, which
means the bandwidth of the RF/IF port and the LO port is
about 5.6-32 GHz (agrees with the analysis above). Besides,
the IIP3 within this operational bandwidth is also measured
and shown in Fig. 19(b). The lower IIP3 in the higher
frequency range may be due to the nonlinearity of the electrical
amplifier inside of the two-tone signal generator.

Since the sidebands in the lower and upper branches have
different wavelengths, they cannot interfere with each other
at the optical hybrid. This will result in a stable magnitude
of the converted signal. In addition, although the environ-
ment variation will introduce considerable phase jitter to the
converted signal, it can be compensated by using a feedback
control method based on digital signal processing [32]. In our
experiment, the system worked at room temperature over
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TABLE I

PERFORMANCE COMPARISON BETWEEN THE PROPOSED MIXER
AND THE PREVIOUSLY REPORTED MIXERS

CE NF SFDR IRR Function

[dB] [dB] [dB-Hz*?] [dB]
This work -15 20 120 60 reconfigurable
[3] <-50 34 NA single-ended
[7] 1.5-3 NA NA single-ended
[9] 11.5 NA 85.7 single-ended
[13] =72 NA NA single-ended
[14] 7.8 23.5 115.6 single-ended
[15] 133 NA NA single-ended
[16] ~9 23 115 single-ended
[17] >8 NA NA single-ended
[19] NA NA 114 single-ended
[20] -15 31.8 127 single-ended
[25] NA NA NA /Q
[26] -40 NA NA >20 Balance/IRM
[27] NA NA NA NA IRM
[28] 3-8 <20 106 150 IRM

BW: bandwidth; CE: conversion efficiency; NF: noise figure; SFDR: spurious
free dynamic range; IRM: image-reject mixer, IRR: image-reject ratio

a duration of several hours. The power fluctuation of the
converted signal is less than 0.3 dB.

It is well known that to achieve the I/Q and image-rejected
mixing, quadrature phase shifts should be introduced to the
LO or RF/IF signals, which is conventionally realized using
one or more electrical 90° hybrid couplers [25]-[28]. In the
proposed mixer, however, the quadrature phase shifts are
equivalently implemented by the 90° optical hybrid. No oper-
ation is needed to the LO or RF/IF signals, which makes the
system simpler. Although an electrical hybrid is still needed to
implement the image-rejected mixing in the proposed mixer,
it is operated at the IF band, which has a low frequency.
As the quadrature phase shift is introduced by the optical
hybrid, the insertion loss difference and phase imbalance of the
optical hybrid become the main factors to influence the IRR of
the image-reject mixer. Fig. 20 shows the image-rejection ratio
versus the phase difference or the output power ratio of the
optical hybrid. As can be seen from Fig. 20(a), if the insertion
losses of the optical hybrid are identical, more than 35-dB IRR
can be achieved for the phase imbalance within 2°. In addition,
as can be seen from Fig. 20(b), the image-rejection ratio would
be decreased as the amplitude imbalance increased. In practice,
the phase imbalance of the optical hybrid is usually lower
than that of the electrical quadrature hybrid. For example, the
phase imbalance of the commercially available optical hybrid
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is within £5° (typ. £2°), but that of the electrical quadrature
hybrid coupler is around £10°.

Table I lists the performance comparison between the
proposed mixer and the previously reported mixers in the
literature. Compared with the previously reported methods,
the proposed mixer has several advantages. First, unlike the
photonic mixers in [3], [6]-[11], and [13]-[21], which can
only achieve single-ended frequency mixing, the proposed
mixer can realize reconfigurable mixing functions. In addition,
for I/Q mixing, the conventional high-frequency electrical
90° hybrid coupler in [25]-[27] is replaced by the optical
90° hybrid in the proposed mixer, which results in a large
bandwidth and low phase-imbalance. Besides, since the optical
sidebands selection is employed to achieve the reconfigurable
mixing functions, the mixing spurs suppression is high.

V. CONCLUSION

In this paper, we have reported and comprehensively studied
a reconfigurable microwave photonic frequency mixer based
on a 90° optical hybrid. According to the analysis, single-
ended, double-balanced, 1/Q, and image-reject mixing func-
tions can all be performed with a common configuration
but with different detection schemes. A theoretical analysis
on the mixer is performed, and an experiment is carried
out. The conversion efficiency is measured to be —10 dB
and the SFDRs of the proposed photonic frequency mixer
when implementing the downconversion and upconversion
is 120 and 116 dBc - Hz?/3, respectively. In addition, the
measured image-rejection ratio when performing the frequency
downconversion is about 60 dB. The reconfigurable mixer
has the advantages of high mixing spur suppression, high
RF and LO isolation, and good flexibility, which can find
applications in radar or communication systems.
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