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We present a method to generate a frequency-doubled microwave signal by employing a coupling-modulated ring

resonator. Critical coupling is achieved when the resonator intrinsic loss is perfectly balanced by the external

coupling enabled by a Mach-Zehnder interferometer coupler. The high suppression of the carrier leads to a clean

two-tone optical signal with the frequency interval two times larger than that of the input microwave frequency.

The beating of the two-tone signal at a photodiode generates the frequency upconverted microwave signal.

A theoretical model is established to analyze the modulation process and the microwave signal generation.
Experimental results show that the electrical harmonic suppression ratio is around ~20 dB (29 dB) for an input

microwave signal with 5 dBm (10 dBm) power.
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1. INTRODUCTION

Microwave photonics (MWDP), the study of the interaction of
microwave and optical signals, has been a hot research area re-
cently [1,2]. MWP systems combine the advantages of micro-
wave engineering and optoelectronics, but they are subjected
to complex system configurations composed of discrete bulky
optical and electrical components, which are power hungry, ex-
pensive, and unstable. The major functions in an MWP system
include microwave signal generation, processing, and transmis-
sion in the optical domain.

In up-to-date microwave systems, the generation of a low-
phase noise and frequency-tunable microwave is still a challeng-
ing task [3]. Traditionally, a microwave signal is generated by
an electrical oscillator based on two terminal (diodes) or three
terminal (transistors) devices. To obtain high-frequency micro-
wave or submillimeter waves, the above approach of using
many stages of frequency multipliers is still problematic because
of the electrical bandwidth bottleneck and the lack of frequency
tuning flexibility.

On the other hand, microwave signal generation in the
optical domain has many merits, such as high bandwidth, light
weight, low cost, etc. Various approaches can be used to gen-
erate the microwave signal in the optical domain, such as het-
erodyning two optical signals in a nonlinear optical crystal or a

2327-9125/17/060689-06 Journal © 2017 Chinese Laser Press

photodetector (PD) [4,5], using an opto-electronic oscillator
[6,7] or a mode-locked laser [8,9]. Moreover, a high-frequency
new microwave signal can be generated by modulating a high-
speed optical modulator with a low-frequency microwave sig-
nal. Double or quadruple frequency generation in the optical
domain using a commercial external modulator has been re-
ported [10-13]. The method is quite attractive because of its
system simplicity, operation stability, and good coherence of the
two optical sidebands [14]. O’Reilly ez 4/. first proposed to use a
single commercial Mach—Zehnder modulator (MZM) in 1992
[15]. By adjusting the DC bias voltage to set the MZM at the
minimum transmission point, all even-order sidebands can be
eliminated, and a frequency-doubled microwave signal is ob-
tained by beating £1st order sidebands at a PD. When the
MZM is biased at the maximum transmission point, then
the frequency quadrupling can be obtained by incorporating
an imbalanced Mach—Zehnder (MZ) filter after the modulator
[16]. The frequency of the generated microwave signal is lim-
ited by the fixed free spectral range (FSR) of the MZ filter.
Qi et al. proposed an approach to utilize a narrow-bandwidch
fiber Bragg grating (FBG) filter to suppress the unwanted car-
rier [13]. It is of critical importance to suppress the carrier no
matter in double- or quadruple-frequency generation in order
to obtain a high-quality microwave signal.
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The above-mentioned optical techniques for microwave sig-
nal generation all use discrete components. Silicon photonics
has been developed rapidly in recent years [17], which gives a
low-cost, compact, and integration solution to MWP. It has the
potential for monolithic integration of optical and electrical
components on the same chip using the state-of-the-art CMOS
facilities [18,19]. In 2015, Shao et 2/ demonstrated a method
to generate a frequency-doubled microwave signal by using
an on-chip silicon microring modulator [20]. The modulation
bandwidth is ultimately limited by the cavity lifetime, which
leads to a low conversion efficiency at a high microwave fre-
quency. Moreover, the cavity intrinsic loss and external coupling
coefficient are both fixed, which cannot guarantee a large reso-
nance extinction ratio (ER) and high suppression of the carrier
due to the fabrication imperfections and uncertaindes.

In this paper, we demonstrate the microwave signal genera-
tion by using our previously demonstrated coupling-modulated
ring resonator [21,22]. The key advantage of such a device for
microwave frequency doubling is that the resonator coupling
coefficient with the bus waveguide is tunable and thus the criti-
cal coupling is always attainable, leading to a high suppression
of the optical carrier. Besides, as modulation is performed to the
coupler and not directly to the cavity, the modulation band-
width is not limited by the cavity lifetime [23,24], allowing
for high-frequency microwave generation. A theoretical model
for the coupling-modulated silicon ring resonator is established.
Frequency-doubled microwave signal with a high suppression
ratio (SR) between the first- and second- harmonic components
is observed when the resonator approaches the critical coupling.
The measurement results overall agree well with the predictions
by the model.

2. DEVICE STRUCTURE AND WORKING
PRINCIPLE

Figure 1(a) depicts the schematic structure of a coupling-
modulated silicon ring resonator. The ring resonator consists of
a Mach—Zehnder interferometer (MZI) with one output port
routed back to form a resonance loop. The length difference of
the two MZI arms is 10 pm, and the active arm length is
800 pm. The PN junctions are embedded in two MZI arms,
and the traveling wave electrode (TWE) is used to make the
modulator operate at the push—pull scheme. The microwave
signal combined with a DC bias voltage V', via an external
65 GHz bias-tee is applied to the signal (S) and ground (G)
metal lines through a 40 GHz microwave probe. In order to
set the PN junctions to the carrier-depletion mode, another
DC voltage V is applied to the N region through a DC
electrode. V| and V', can be independently adjusted to freely
set the coupling condition (under-coupling, critical or over-
coupling) for each resonance. The inset illustrates the cross-
section of the PN junction. The rib waveguide has a width of
500 nm, a height of 220 nm, and a slab height of 90 nm. The
heavily doped regions are connected to the metal electrodes.
The doping concentrations are 4 x 10" and 1 x 10'® cm™ for
the P- and N-doped regions, respectively. The PN junction has
an offset of 100 nm toward the N-doping side. Light is coupled
into and out of the device though two grating couplers with
~10 dB loss in total.
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Fig. 1. (a) Schematic structure of the coupling-modulated silicon
ring resonator. Inset depicts the cross-sectional view of rib waveguides.
(b) Resonance ER change upon modulation. (c) A frequency-doubled
microwave signal is generated by beating the Z=1st-order sidebands
at a PD.

For a single bus waveguide-coupled microring resonator
[25], the coupling condition is pre-determined by the relative
value of the resonator intrinsic loss and the coupling coefficient.
It is difficult to change the coupling condition once the reso-
nator is fabricated. Especially, when the resonance Q-factor is
large, a small variation in the resonator intrinsic loss due to
fabrication uncertainty may cause a significant change in res-
onance ER from the designed one.

In our design, the fixed coupler is replaced by a tunable MZI
coupler so that the coupling coefficient can be conveniently
tuned. The critical coupling condition can always be attained
no matter what the initial condition is, which alleviates the
stringent requirement for precise coupler design and cavity loss
control. The critical coupling condition ensures a large ER,
which is highly desired to suppress the carrier in the microwave
upconversion process as will be elaborated on later.

Figure 1(b) shows the resonance spectrum evolution upon
modulation. With the push—pull modulation of the MZI cou-
pler, the resonance ER varies while the resonance wavelength is
fixed. The modulation results in two-tone frequency compo-
nents in the optical spectrum, and the beating of them in the
PD generates the frequency-doubled microwave signal, as illus-
trated in Fig. 1(c). It should be noted that the optical carrier can
be completely eliminated by setting the modulator to the null
transmission wavelength with critical coupling.

3. THEORETICAL MODEL

The transfer matrix of the MZI coupler is given by

t k
r= {k —r]’ M
. 0,-0 L0y 4n
t = |t|e"” = a sin 12 N 5 (2
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k= |k|e = a; cos O 2 e, (3)

where a; represents the optical field transmission in the MZI
arms, 0; and 0, represent the phases in the top and bottom
arms, respectively. We assume the phase difference A0 =6, - 6,
of the two arms is in the range of [0, ], which covers the full
tuning range of the MZI coupler. Then we have

0 V)
¥. (@)

The entire microring resonator can be modelled using the
following two equations:

Dl=rla]=0 A e
ay = a, - b, (6)

where #; and b; (i = 1, 2) are the electric fields before and after
the MZI coupler, respectively, @, represents the optical field
transmission in the ring feedback waveguide, and 6 is corre-
sponding phase change.

From Egs. (1)—(6), we obtain the input-normalized output
field transmission as

=P =9 =

2 iQo+0
b _ a0 + ¢ )
a) 1 =+ a2t€’9
When the round-trip phase change is 2z (2 is an integer),
the resonance condition is satisfied, and we have

T+ @+0=2mm (8)
On resonance, the normalized output optical power is
given by
b |2 A-a?. 2
“1 — | | ay - ) (9)
a 1- 0{2|t |

The critical coupling requires zero transmission, leading to
the following condition

lt| = a3 - ay. (10)

In the silicon waveguide, the refractive index is changed
based on the free-carrier plasma dispersion effect. The depend-
ence of the effective refractive index of the waveguide on the
applied voltage can be described by the polynomial expansion

neff(y n) = Ny + av n + bylzm) (11)
where v, is the drive voltage. The phases of the two MZI arms
can be expressed as

2r
01(vym) = Oy + neg (1) 'TL: (12)
2
92(1/17712) = neff(yan) . 71‘) (1 3)

where 6 is the phase difference due to the longer length of the
top arm relative to the bottom arm.

In the static state, V| and V/, are applied to tune the device
to reach the critical point. Substitute Eqs. (12) and (13) into
Eq. (2) and take into consideration the critical coupling con-
dition in Eq. (10) and then the two DC bias voltages should

satisfy

G0 [ (VD) (Vi + V)] 2L
2

In the push—pull microwave drive scheme, the voltages ap-
plied on the PN junctions of the top and bottom arms are

= (11(12. (14)

Vi
Uy = -V + - cos(w,,t), (15)

14
Uy =-V1+V, _Tm cos(w,,t), (16)

where V,, and w,, are the amplitude and frequency of the
microwave signal, respectively. Supposing that the input micro-
wave power is P,,, the amplitude V,, satisfies the Ohm law

expressed as
V,, = \/2P,R (17)

and R is the internal resistance of the microwave source, which
is equal to 50 Q.

By substituting Egs. (11)—(16) into Eq. (2), we get the
modulated transmission coefficient of the MZI coupler:

|t| = ada, cos[m cos(w,, )] + ayy/ 1 - ata sin[m cos(w,,t)],
(18)

where
m= ela+ b(-2V, + V,)] %L Vo (19)

and ¢ is microwave amplitude correction factor close to 2.0 due
to the backreflection of the microwave signal at the open circuit
end of the travelling wave electrode [22]. If the end is termi-
nated with a 50 Q resistor, then & should approach 1. With
Jacobi—Anger expansion, Eq. (18) can be simplified as

|t] = oty ]y (m) + 2a
- 2a2a, /5 (m) cos(Rw,,t). (20)
Substitute Eq. (20) into Eq. (7) and make use of Taylor

expansion, then we have

1 - a?a3], (m) cos(w,,z)

b ,
a—l = [E, + E; cos(w,,t) + E, cos(2w,,t)] - €7, (21)
1

where
E = —a%az +(1- a%a%)a%azfo(m)[l + 0‘%0‘%/0(””)]
+ 207, (1 - g a)[(1 - e3) [ (m) + arJ5(m)], (22)

Ey =2(1 - ajag)y/ai - ajaz] (m)[1 + 2a703],(m)], (23)

E, = 2“%“2(1 - 0‘%0‘%)[(1 - a%a%)j%(m) - /J2(m)
- 2aia5/ o (m) ]2 (m)]. (24)

It can be seen that £,, £, and £, represent the DC, first-
order and second-order harmonic components of the modu-
lated optical signal, respectively.

A PD is a semiconductor device that converts an optical sig-
nal into an electrical current. The photocurrent /pp is propor-
tional to the output optical power |5, |*:
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Ipp o |6, (25)

The heterodyning between the optical carrier and the f1st

order sidebands generates a microwave frequency tone at @,,,.

The heterodyning of the £ 1st sidebands and the heterodyning

of the optical carrier and the £2nd order sidebands both gen-

erate a microwave frequency tone at 2w,,. Plugging Eq. (21)
into Eq. (25), we have

E? E3
[PD X (ELZ. + 71 =+ 72> =+ (2E[E| =+ E1E2) COS(O)If)

EZ
+ <71 + 2E€E2> cos(2wt) + E|E, cos(3wt). (26)

As the detected signal power at each microwave frequency is
proportional to the square of the photocurrent, the powers of
the first- and second-harmonic frequency components are ex-
pressed as

Py « (2E.Ey + E\E,)%, (27)

EZ 2
P, x (71 + 2E[E2) ) (28)
The SR between them is given by

B 4 2EE,

SR =20 IOgIO m

. (29)

4. MODELING RESULTS

In order to calculate the microwave upconversion using our
theoretical model, we need to extract the necessary parameters
from the real device. The silicon waveguide propagation loss
was measured to be around 3 dB/cm; hence we have
a, = 0.836. The active waveguide embedded with a PN junc-
tion has a higher loss than the passive waveguide, leading to
a; = 0.403. To extract the effective refractive index change
with PN junction bias voltage, we measured the device trans-
mission spectrum when V', changes from -3 to 3 V while V is
fixed at 3 V. Figure 2 depicts the magnified resonance notch
near 1562.57 nm. The total fiber-to-fiber insertion loss is
around 14 dB. When V, = 3 V, the resonance is near the
critical coupling with a large ER of ~25 dB. It means that
the transmission coefficient |¢| satisfies Eq. (10) under this
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condition. When V, < 3V, it is in the over-coupling regime
with a reduced Q-factor.

The above bias condition implies that the top PN junction
is at -3 V and the bottom PN junction voltage varies from 0
to -6 V. According to Eq. (9), the resonance ER is related to
|t|; therefore, from the ER measurement, we can extract |¢
changing as a function of v,, on the MZI bottom arm. With
Egs. (2), (11), and (13), this translates into Az versus v,,
relation, as shown in Fig. 3. After fitting the experimental data
with a second polynomial curve, we obtain the linear and second-
order nonlinear coefficients in Eq. (11) as: « = -6.818 x 107
and 6 = -1.355x 10,

With the necessary parameters ready, we can calculate the SR
according to Eqgs. (22)—(24) and (29). Figure 4 shows that the cal-
culated SR increases with the microwave input power. The bias
voltagesare V| = 3 Vand V', = 3 V to ensure critical coupling.

5. MICROWAVE UPCONVERSION
MEASUREMENT

Figure 5 shows the experimental setup for the microwave fre-
quency upconversion measurement. A wavelength-tunable laser
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(Santec TSL-710) was used to generate the optical carrier fol-
lowed by a polarization controller (PC) to set the polarization
to TE mode. The output power of laser was set to 12 dBm.
Light was coupled into and out of the device by two grating
couplers. The microwave signal (R&S SMF-100A) was applied
onto the TWE by a 40 GHz ground-signal (GS) microwave
probe. The modulated optical signal was then amplified by an
erbium-doped fiber amplifier (EDFA) to compensate for the
device insertion loss. We used an optical spectrum analyzer
(OSA, Yokogawa AQG6370C) to analyze the optical spectrum
and used a 50 GHz PD followed by an electrical spectrum ana-
lyzer (ESA, R&S FSUP 50) to analyze the electrical spectrum.

Figures 6(a) and 6(b) show the optical spectra observed
from the OSA when the input microwave signal is 7 GHz
and the powers are 5 and 10 dBm, respectively. The first-order
sidebands grow up with respect to the optical carrier when
resonator works near the critical coupling point. The ER be-
tween the £ Ist sideband and the optical carrier are ~15.7 and
~18.1 dB for 5 and 10 dBm microwave power, respectively.
Higher-order sidebands are not discernable in the optical
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Fig. 5. Experimental setup for microwave frequency upconversion
measurement.
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spectrum. The heterodyning of the £1st order sidebands in
the PD gives rise to the frequency-doubled microwave signal.

Figures 6(c) and 6(d) illustrate the measured electrical spec-
tra with the microwave frequency increasing from 3 to 9 GHz.
The average SR is around 20 dB for the 5 dBm microwave
power and increases to around 29 dB when the microwave
power rises to 10 dBm. The first-harmonic components are
all around -55 dBm for microwave signal powers of 5 and
10 dBm. As the microwave power rises, the second-harmonic
components grow up to around -35 to -27 dBm.

Figure 7 shows the measured and theoretically calculated
SR for microwave power of 5 and 10 dBm, respectively. They
overall agree well with each other and illustrate high SR
between the first- and second-harmonic frequency compo-
nents. The fluctuation of the experimental data is probably
due to the slight shift of the resonance wavelength and the
critical coupling point. Similar to a regular ring resonator,
our coupling-modulated ring resonator is also sensitive to
changes in bias conditions and ambient temperature. In the
experiment, we used two DC voltage sources applied on the
push—pull PN junctions to set the resonance at the critical
coupling. This bias conditions need to be strictly satisfied dur-
ing modulation in order to achieve stable high suppression of
the optical carrier. As the resonance wavelength is sensitive to
the ambient temperature, the device is temperature-controlled
within (20 £ 0.5)°C to ensure low drift of the resonance wave-
length. Feedback control and locking are necessary to stabilize
the ring resonator.

In our theoretical model, the speed response of the coupling-
modulation is not taken into account. As demonstrated in our
previous work [22], the modulator 3 dB electro-optic (EO)
bandwidth is around 30 GHz. The bandwidth is mainly lim-
ited by the RC response time of the lumped electrode. This
implies that, if the microwave frequency increases close to or
beyond 30 GHz, the electrode response cannot follow the mi-
crowave drive signal. In other words, the effective microwave
signal magnitude on the PN junctions is reduced, leading to
lower t=1st-order sidebands. Therefore, the frequency-doubled
harmonic signal is weaker after beating in the PD. In our ex-
periment, the maximum input microwave signal frequency is
10 GHz, limited by our microwave source.
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Fig. 7. Modeled and measured SR at various microwave frequencies
for 5 and 10 dBm input microwave power, respectively.



—
694  Vol. 5, No. 6 / December 2017 / Photonics Research O _ , -e Research Article

It should be noted that the high suppression of the optical
carrier at critical coupling also affects the magnitude of the
sidebands. A higher-Q resonance with a narrower linewidth
gives stronger optical modulation under a small drive signal.
Therefore, the modulation sideband is enhanced, leading to
a larger frequency-doubled output signal. The microwave up-
conversion efficiency is limited by several factors and can be
improved accordingly. First, the device loss should be low.
The loss affects all harmonic components of the modulated op-
tical signal, as can be seen from Egs. (22) to (24). Reducing the
waveguide loss hence can improve the output signal power.
Second, the PN junctions should provide a high modulation
efficiency. The microwave drive signal modulates the phase
of the active waveguides through the PN junctions; therefore,
high-efficiency PN junction designs (such as interleaved, L- or
U-shaped PN junctions) can result in a stronger modulation.
Third, the output optical power should be sensitive to coupling
variation. In this case, a small drive signal can give rise to a large
optical power modulation. This can be achieved by increasing
the resonator Q-factor. Finally, the input laser power and the
responsivity of the PDs should be high. Optical and electrical
amplifiers can be employed in the system. This directly boosts
up the output microwave signal power.

6. CONCLUSION

We have demonstrated microwave frequency doubling based
on a coupling-modulated silicon microring resonator. A theo-
retical model was established to analyze the microwave fre-
quency upconversion process. It was shown that the SR
between the first and second microwave harmonic components
increases with the microwave frequency. A frequency-doubled
microwave signal was experimentally generated with ~20 dB
(29 dB) for 5 dBm (10 dBm) input microwave power, upon
fine-tuning of the waveguide-ring coupling to reach the critical
coupling. The measurement results agree well with the theoreti-
cal calculations. Similar to Ref. [12], a frequency-quadrupled
signal can be generated if we cascade two ring modulators with
their resonance wavelengths well aligned and the phase delay
between the microwave drive signals well controlled. The dem-
onstration of the microwave frequency upconversion represents
a significant step toward the realization of integrated microwave
sources with tens of gigahertz frequencies.
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