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Organization of this report

This report consists of three main sections: Part I introduces the LiNbO; microdisk optical
modulator. In this section the microdisk optical resonator, the RF ring resonator and their
electro-optic interaction is explained. Part II covers the experimental demonstration of LiNbO;
microdisk modulator performance in wired and wireless RF-optical links. Part III outlines a
novel microphotonic RF receiver architecture that exploits the nonlinear modulation in a LiNbO;
microdisk to achieve direct photonic down-conversion from a RF carrier without using any high-
speed electronic elements.

Introduction

The main objective of the microphotonic receiver project was to design and build a new type of
radio frequency (RF) receiver based on the electro-optic response of a high-Q microdisk optical
modulator. The high sensitivity of the microdisk modulator is a result of simultaneous optical
and electrical resonance. The microdisk optical resonator provides the spatial confinement and
long photon lifetime to ensure high optical sensitivity in a small volume, while a miniature RF
resonator generates an amplified electric field. The electric field modulates the refractive index
of the microdisk and consequently the intensity of the optical output. By optimizing the RF and
optical design we were able to build a very sensitive LiNbO; microdisk optical modulator
operating at Ku-band. The next challenge was creating a microphotonic receiver architecture
that could use the sensitivity of the microdisk modulator to replace the high-speed electronic
elements used in a conventional RF receiver with photonic devices and low-speed electronics.
Based on the idea of nonlinear optical modulation in a microdisk modulator, we designed and
demonstrated a photonic RF receiver that directly extracts baseband information from the
received RF signal by using only a laser, LiNbO; microdisk modulator, and a low-speed
photodetector. The Ku-band RF wireless receiver uses no high-speed transistors.

PartI:

LiNbO; microdisk optical resonator

Crystalline Lithium Niobate (LiNbO;) is a commonly used electro-optic material in optical
modulators. Its excellent optical, electrical and mechanical characteristics such as low loss at RF
and optical frequencies, high electro-optic coefficient, mechanical robustness and stable crystal
structure at room temperature make LiNbO; an ideal candidate in many electro-optical devices.
We chose LiNbO; for our proof of principle experiments. Some of the relevant opto-electronic
properties of LiNbOs are summarized in Table 1 [1-4].

A LiNbO; microdisk optical resonator supports very high-Q Whispering-Gallery (WG)
resonances. The microdisk resonator is fabricated from a z-cut LINbO; cylinder. As shown in
Fig. 1(a), the basic geometry is a disk of radius R, and thickness ¢#. Devices we tested have 0.1
mm < ¢< 1 mm and 1 mm < (D =2R) < 6 mm. The sidewall of the disk is optically polished
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with a radius of curvature R, typically equal to the radius of the disk. In addition, the equator of
the disk’s sidewall should be accurately maintained at height #/2.

Table 1 [1-4]

Property Value Notes
Ordinary optical index of refraction (n,) 2.223 A= 1550 nm
Extraordinary optical index of refraction (n,)  2.143 A=1550 nm
RF permitivity along c-axis (€gr.) 42.5-43 100 MHz - 140 GHz
RF permitivity perpendicular to c-axis (€gr,)  26-28 100 MHz - 140 GHz
Electro-optic coefficients (pm/V) r;3=30.8 ryp=34

3= 8.6 rs; = 28.0
Dielectric loss tangent along c-axis 0.004

Using advanced optical polishing techniques we were able to acheive optical-quality curved
sidewalls of LINbO; microdisks that resulted in high-Q optical resonances.
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Figure 1 (2) Photograph of a LiNbO; disk with optically polished sidewalls. (b) 3D picture of the disk
sidewall surface taken by interferometric surface profilometer.
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The technology has been transferred to a company so that now one may purchase very small
high-Q (>10°) LiNbO; microdisk optical resonators (D = 1 mm and # = 0.150 mm).

Fig. 1(b) shows a 3D picture of the sidewall surface roughness for a typical microdisk (taken
with an interferometric surface profiler). The peak-to-peak value (S,) of surface roughness is
about 5.1 nm and its rms value (S,) is about 0.846 nm. With this surface quality loaded optical-
Os up to 7x10°® (unloaded Q of about 2x107) have been achieved. This corresponds to a
distributed loss of less than 0.0075 cm™ (or 0.03 dB/cm). Since LiNbOs is an electro-optic active
material its refractive indices change in the presence of an electric field. An E-field with a
magnitude E, along the c-axis changes the optical refractive indices according to:
An= 1., 133E/2 Angy = 1oy’ 113E/2
where 133 = 30.8 x 10" m/V and 113 = 8.6 X 10> m/V.

An optical mode in a sphere is described in terms of three integers /, m and q. The value of g is
the number of field maxima in the radial direction and /- m + 1 ( m | <) is the number of field
maxima in the polar direction, perpendicular to equatorial plane and between two poles [7-9].
The resonant frequency (Vyes = Vi) is determined by g and /. The mode labeled by / =m and g =
1 is called the fundamental Whispering Gallery (WG) mode. It has only one maximum in each
direction and has a Guassian profile.

A z (c-axis)

2R (mm) R'SQFWHM (pm) 8rFWHM (um) I‘m(l.Lm) I=m
2 17.8 4.06 3.31 8660
3.5 24 4.99 4.00 15120
5.84 30 5.80 4.58 25260

Figure 2 WGM power distribution in xz plane, for microdisks with different diameters [5]. Notice that 6 is
measured relative to the equatorial plane unlike the conventional definition that is measured relative to z axis.
This new definition has been chosen because it is more convenient for WG resonances that are confined around
the equator. Also shown is the definition of the TE and TM polarized resonances relative to c-axis.

Fig. 2 shows the definition of the fundamental mode profile parameters and their values for three
LiNbO; microdisks with different sizes commonly used in our experiments [5]. Orrwnm is the
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full-width-half-maximum of the power distribution along radial direction and 88pwmy is the full
width half maximum along polar direction.

The resonant frequency of the fundamental WG resonance and other low order resonances may
be calculated using the approximation: m(A/n) = 2nR, in which m is the number wavelengths
around the periphery of the microdisk and # is the optical index of refraction. The optical free
spectral range (FSR) frequency Avesg may be calculated using: Avesg = ¢/(2nnR).

The optical modes with an E-field polarized parallel to the c-axis are labeled as TE and those
with an E-field parallel to the xy plane are labeled as TM modes. Due to the large magnitude of
the electro-optic coefficient along c-axis we always use TE polarized WG modes for optical
modulation.

Assuming the number of photons present in a WG mode decay exponentially in time we can
express the unloaded optical quality factor of that mode as O, = wt, where 1, is the 1/e photon
lifetime and ® = 2 ©v;, (where v, is the resonant frequency of the mode). We can also define a
distributed loss constant per unit length o = »/ct, in which c is the speed of light and # is the
effective optical refractive index for the corresponding optical mode. So Q, and the distributed
loss are related as: oo = nw/cQ,. The loaded optical quality factor Q of a mode can be calculated
based on the measured full-width half maximum of the spectral peak at the resonant optical
frequency Vres = Vig, O = Vres/AVEwnm (0O Q = Ares/AArwnm). The typical loaded Q-factor values
that we observe for optically polished LiNbO; micodisks is between 2x10° and 7x10°.
Experimentally we measure the loaded Q so if we use the measured value of Q to calculate , the
optical coupling loss will be included in the distributed loss.
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Figure 3 (a) Diamond microprism dimensions. (b) Single-prism coupling. (¢) Double-prism coupling.
(d) Interference effect in single-prism coupling.
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Knowing the loaded quality factor of a critically coupled WG mode we were able calculate the
intrinsic distributed loss in the microdisk resonator.

In our experiments we use evanescent coupling through small diamond prisms with dimensions
shown in Fig. 3(a). The refractive index of diamond is about 2.4. This is larger than the
refractive index of LiNbOj; for both TE and TM modes (n. = 2.14, n, = 2.23). It is possible to
use a single prism to couple light into and out of the microdisk (Fig. 3(b)) or use one prism to
couple in and another one for coupling out (Fig. 3(c)). Detection of coupled WG peaks using
two prisms is easier since the reflected (part of the input that is not coupled) and coupled light
don’t interfere. However, when two prisms are in contact with microdisk the Q is smaller (due
to larger coupling loss) and also part of the optical WGM power that is coupled out through the
first prism can’t be used for modulation. In a one-prism coupling scheme this problem doesn’t
exist but experimental results show that the WGM cone coupled out of the disk and the totally
reflected beam cone have spatial overlap (Fig. 3(d)), so depending on the location of the
collecting fiber the detected output spectrum can be WGM peaks, transmission dips or just the
reflected beam. This effect makes the alignment of the optical output more complex.
Experimental results show two-prism coupling results in a cleaner mode structure. Using
transmission dips in a one-prism coupling scheme is a better choice for nonlinear modulation and
optical down-conversion due to reduced DC optical power at resonance.

Fig. 4(a) shows close up photographs of the microdisk, the microprisms and the output fiber.
Here, a double-prism coupling scheme is used. The input light is a laser beam of wavelength A =
1550 nm and a linewidth of less than 500 kHz. Due to high-Q nature of the optical resonance a
very high resolution tunable laser is required for accurate alignment with the resonant
wavelength. The resolution of the laser used in our experiments is less than < 0.3 pm. The laser
beam is collimated and then focused on the input microprism using a matched pair lens system
with a focal length of 11 mm. Fig. 4(b) shows the typical TE optical output spectrum obtained in
a double prism configuration. This spectrum is measured using the LiNbQO; microdisk in Fig.
4(a). The disk has a diameter of 5.13 mm and a thickness of 0.4 mm. The measured FSR is in
very good agreement with the calculated value (assuming 7, = 2.14). For the 5.13 mm diameter
disk the calculated value is 69.24 pm and the measured value is 67.87 pm. This shows the
effective refractive index of TE WG modes is almost the same as the bulk extraordinary
refractive index (E-field along c-axis). The maximum optical coupling efficiency observed is
about 15%. We define the coupling efficiency as the ratio of the resonant optical power of an
optical mode and the total power injected to the input prism. As mentioned before using a one
prism coupling scheme the optical spectrum of the collected output power could be a series of
transmission dips or peaks depending on the position of the output fiber. Fig. 4(c) and (d) show
the spectrum of the TE optical output power from a single prism coupled LiNbO3; microdisk (D =
3 mm, 2 =0.4 mm). In Fig. 4(c) the output fiber is located at the overlap of the WG cone and the
totally reflected cone while in Fig. 4(d) it only collects the WG optical power.

If we place a conductive ring on top of a microdisk application of a DC voltage on the ring can
generate an E-field (mainly along z-direction) around the disk where the WG modes are
propagating. Since LiNbOj; is an electro-optic material the E-field changes its refractive index
and consequently the resonant wavelengths (frequencies) of WG modes. The magnitude of this
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shift can be estimated as: Aly = Am Moo’ ¥3 sE.4/2. Here, E.zis the magnitude of the E-field along
z-axis in the middle of microdisk where the WG mode propagates. Ideally in the absence of
fringing and other perturbing factors the E-field intensity in the middle of the disk should be
equal to V/r. However, due to fringing effect E-field and the air gap between the ring and the
microdisk surface the E-field intensity inside LiNbOs is less than the ideal value.

LiNbO; microdisk
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Figure 4 (a) Photograph of a 5.13 mm diameter LiNbO; microdisk in contact with two microprisms. (b) The
detected TE WG optical output power spectrum. (c) and (d) are the measured optical out power spectrum of a
single prism coupled LiNbO; microdisk (D = 3 mm, # = 0.4 mm). (c) Detected transmission dips when the
output fiber is tuned to the overlap region of the WG cone and the total reflection cone. (d) Detected WG peaks
when the output fiber only collects optical power from the WG cone
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We summarize all these effects and the overlap integral between optical mode and the E-field in
a correction factor called the optical-mode-electric-field overlap correction factor Bgo s0: Eep=
Beo(V/). When V=1V, AL, is called DC shift or AApc. DC shift is an important parameter in a
microdisk modulator because it quantifies the electro-optic response of the modulator and is
needed for calculating the RF modulation response. The measured value of DC shift for a WG
resonance can be used to estimate the corresponding Beo. The desired value of Bgo should be
close to 1 but in most cases it is less than 0.5. Bgo is determined by many parameters and it also
varies slightly for different WG resonances. It is possible to improve Bgo by using a geometry
that forces the E-fields to overlap the optical mode region. To help achieve this, we mount the
microdisk on a cylindrical ground plane with the same radius as the disk. Fig. 5(a) shows a
photograph of a microdisk resonator (D = 3 mm, # = 0.4mm) mounted on a cylindrical ground
plane. Fig. 5(b) shows the measured optical output spectrum of the microdisk (shown in Fig.
5(a)) at 0 V and 5 V DC bias voltage. The resonator is coupled through a single-prism but the
output fiber is tuned to the WG cone to detect the peaks. As may be seen Adpc = 0.13 pm
(corresponding to Bro = 0.53).

3 0 Volt =— —» 4=0.67pm
= SVOl e
E8 .
-6
N ‘3 B
= o
s O
g
o T T T T T T
Z
3 5 7 9 11 13 15
Wavelength detuning (pm)
(a) (b)

Figure 5 (a) Photograph of the microdisk resonator mounted on a cylindrical ground plane (D = 3 mm, ¢ = 0.4
mm). (b) Measured optical output spectrum at 0 and 5 Volt DC bias voltage.

Bistable optical devices are of interest for their possible application to optical computing, optical
thresholding and memory [10-11]. As an example of the slow electro-optic response of the
microdisk modulator we have demonstrated the bistable behavior of the LiNbO; microdisk
resonator with a feedback loop. This differs from the Fabry-Perot case [12] because we are
using a traveling wave resonator. The reason for our interest is that the high optical Q should, in
principle, make a sensitive device. The microdisk resonator has a diameter of 5.8 mm and a
thickness of 0.74 mm. The measured DC shift for this configuration is about 0.09 pm/V. The
experimental arrangement to measure electro-optic non-linearity is shown in Fig. 6(a). The
voltage applied to the electrode is a function of resonator optical output power. Optical input
power to the resonator is provided by a frequency-stabilized laser diode whose output is intensity
modulated to create a 500 Hz triangle wave. Optical output power is detected using a
photodiode. To study electro-optic bistability, amplified detector output voltage is fed back to
the disk electrode. Fig. 6(b) shows the measured optical output-power as a function of optical
input-power for the indicated values of peak-to-peak voltage feed-back, ¥z and optical Q-factor.
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The electro-optic system shows a slight non-linearity when ¥V = 1.5 V), using an optical mode
with Q = 7.5x10°, and significant bistability and hysteresis behavior when ¥y, = 3.0 ¥, using an
optical mode with Q = 10°.

feed-back
- LiNbO; disk with
circular electrode
’VWV\' DFB laser diode

—~ S~ «“w N

output . -
microprism

(2)

Vp=30V,, (@ =109
=V =15V, (0 =7.5x10%) /7

-0.025 0 0.025

Optical input power (Arb.)
(b)

Figure 6 (a) Experimental arrangement used for demonstrating the bistable behavior of the microdisk optical
resonator with a feed-back loop. (b) Measure optical output-power as a function of optical input-power for
indicated values of peak-to-peak voltage feedback (V) and optical O-factor
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RF resonator
The key characteristics of the modulating E-field for an efficient electro-optic interaction with
WG modes inside the disk may be summarized as:

1) Oscillation frequency equal to m,XAVgsr

(m, is an integer representing the order optical modulation)

2) Proper spatial distribution.

3) Large interaction length.

4) Large magnitude.

5) Good overlap with the optical mode (large Bgo).
The role of a good RF resonator is to generate an E-field that satisfies all these requirements.
The first necessary condition for simultaneous RF and optical resonance in a microdisk
modulator is frr = m,XAVgsg or RF-optical frequency matching condition (fzr is the RF resonant
frequency). The resonant optical modulator can only modulate light at frequencies below Qs
where Q is the optical quality factor and v is the optical resonant frequency, or frequencies
within a limited bandwidth (<QA,.) around integer multiples of its free-spectral-range (Avgsg).
Proper spatial distribution, large interaction length and large magnitude of the E-field around the
microdisk are required to maximize the electro-optical phase shift at each photon round trip. It is
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very important to notice that in a conventional Mach-Zehnder (MZ) modulator both optical and
electrical waves are traveling along an open linear trajectory and they are velocity matched for
broadband operation. In contrast, in a microdisk modulator the optical wave is a traveling wave
that circulates around the microdisk. Given the large difference between the RF resonant
wavelength, Arr = ¢/(nrr XAVrsr) (nrF. is the effective RF refractive index for the corresponding
resonance), and resonant optical wavelength, Aws = c/(neVyes) the RF field becomes a standing
wave. A microstrip RF ring resonator on top of the microdisk can fulfill all of these
requirements with minimum complexity. Fig. 7(a) shows a schematic diagram of the microdisk
modulator that employs a ring resonator. The ring is placed on the LiNbO; microdisk and is
side-coupled to a microstripline. Fig 7(b) shows a photograph of our experimental arrangement.
The microdisk has an FSR of 14.6 GHz and its dimensions and ground plane geometry are the
same as Fig. 5.

Optical input

. o Optical
Microstripline

D \icroprisi F ring resonator

=

Optical input |-
ptical mpu LiNbO, — & @ : 3mm

microdis

> - Microprism

X
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(b)

Optical output

M e aaaataRARRRRARRRRRRARRA B

i g

Ring resonator

Optical mode
W 07{ or:] ; £,

Ground RF input (£;,)

(a) (¢)
Figure 7 (a) Geometry of ring resonator on LiNbO; side-coupled to a microstripline (top view and side view)
(b) Photograph of our latest experimental arrangement. The microdisk has an FSR of 14.6 GHz and its
dimensions and ground plane geometry are the same as Fig. 5(a). (c) Simulated E-field distribution on the
equatorial plane of the LiNbO; microdisk while the fundamental resonance of the ring resonator is excited

When a ring resonator is strongly coupled to a microstripline (small gap sizes) the symmetry
breaks due to the proximity of the microstripline. The broken symmetry splits each mode into
even and odd modes with slightly different resonant frequencies:. Odd modes have lower
frequencies and are capacitively coupled to the line, while the even modes have higher
frequencies and are magnetically coupled to the line [15]. The coupling strength dependence on
mode order and coupling mechanism results in different loading factors and hence different
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frequency shifts and loaded Qs. Both even and odd modes can be used for optical modulation
but since in most cases the resonant frequency of the even mode is closer to Avesg We use even
mode.

Because of the large difference between RF and optical refractive index of LiNbO; (nzr= 5.1, 7,
= 2.14) an important challenge is matching the RF to the optical resonance. Using a combination
of physical factors that influence the RF resonant frequency of the ring resonator on a dielectric
disk we are able to tune the fundamental resonant frequency (fzr = frr 1) of the side-coupled ring
resonator to Avpsg. Assuming fzr; = Avrsr then the harmonics of the ring resonator, frr, = mgX
frr.1 , may be used for harmonic optical modulation at mgxAvgsg. Fig. 7(c) shows the simulated
E-field distribution on the equatorial plane of the LiNbO; microdisk while the fundamental
resonance of the ring resonator is excited. The sinusoidal spatial distribution and RF-optical
frequency matching results in a phase matched electro-optic interaction and optimized optical
modulation efficiency.

The ring resonator performance is evaluated by measuring the S-parameters of the coupled
microstipline. We have estimated the voltage gain of the ring resonator as a function of
measurable parameters in the system:

V..: Amplitude of the voltage &, - RF permittivity along c-axis
oscillation on the ring resonator & : Permittivity of free space
Vm 4l‘P/oss Q RF .U V, : Amplitude of the input voltage A : Area of the ring resonator
GV =—= - t : microdisk thickness Lz : Microstripline loss factor
Va ﬂ B VA o Orr€, rr€p A Orr.v: Unloaded RF quality factor of ~ Pp" : RF input power
? the ring resonator S10 : Measured S, at resonance
Z, : Microstripline impedance Si10 : Measured Sy, at resonance

B : Capacitance correction factor
axr : RF frequency

2

- |S210

where P 1s the loss factor given by: P, =Pn [1 ~ 1., 2 _ s (L,L - })J

T

Orru, frr, S210 and Syj, can be derived from measured S-parameter spectrum [14]. When S;;, =
S>10 = 50% the ring is critically coupled to the microstripline and Gy is maximized.

m"ﬁm“
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Figure 8 (a) The optimized opto-mechanical design for tuning the RF coupling. (b) The S-parameter
measurement results for a ring resonator (w, = 0.35 mm) on a LiNbO3; microdisk with an FSR of 14.6 GHz (D=3
mm and 7 = 0.4 mm) at different values of the gap size (). At g =350 um the critical coupling (S;,> = S,/ = -6
dB) and RF-optical frequency matching (fgr = AVpsr = 14.65 GHz) are achieved simultaneously. Notice that
the conventional definition of S-parameter is based on voltage ratios but the measured values on network analyzer
are power ratios (measured in dB).
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Fig. 8(a) is a photograph of the optimized opto-mechanical design that enables the accurate
control of the RF coupling gap (g). Fig 8(b) shows The S-parameter measurement results for a
ring resonator (w, = 0.35 mm) on a LiNbO; microdisk with an FSR of 14.6 GHz (Fig. 7(b)). As
may be seen the RF critical coupling (S;;, = S21,) and RF-optical frequency matching (fzrr =
Avrsr 14.65 GHz) are achieved simultaneously. The estimated value of G, for this ring resonator
is between 5-5.5.

Fundamental single frequency modulation
The modulation efficiency and other characteristics of the microdisk modulator can be measured

in a single frequency experiment at fz-= Avrsr. We used our Ku-band modulator to demonstrate
the sensitivity of RF-optical resonant modulator at 14.55 GHz. The microdisk modulator
arrangement is shown in Fig. 9(a).

RF output k

v Microstrip line
p f“w Y S
R ’\‘g/ Ring resonator

LiNbO;
microdisk

RF tracking source -—l

Matched pair lenses , * - Cleaved (or lensed) fiber RF spectrum
k analyzer

y

xyz stage

microprisms

1 Detector (high-speed)

e T R

' Laser ‘ ‘"(isolator ] --| Polarization /)}
controller

| Detector (slow-speed)

Optical modes

(b)

Figure 9 (a) Photograph of the Ku-band microdisk modulator. (b) Schematic diagram of the experimental
arrangement used for evaluating the optical modulation performance of the microdisk modulator at single
frequency.
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The LiNbO; microdisk used in this arrangement is the same as Fig. 8(a) and 7(b) (400 um thick,
3 mm in diameter with an optical free spectral range of 14.55 GHz). The copper ring resonator
has an outer diameter of 3 mm and width of 300 um. The RF energy stored in the ring at
resonance (fzr = 14.55 GHz) is maximized by tuning the gap size (g). Fig. 10(a) shows the
variation of the modulated optical power against peak-to-peak voltage of the input signal. The
inset shows the modulated optical mode with a Q of 4x10°. As may be seen at ¥, = 0.56 V the
linear portion of the optical mode is completely modulated. Saturation of the linearly modulated
optical power with increasing V,, occurs because of increasing second-order harmonic
generation due to nonlinear modulation.
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Fig. 10 (a) Linearly modulated optical intensity against peak-to-peak input voltage (and RF power). The inset
shows the modulated optical mode. At V,, = 0.56 V the optical power in the linear region of the optical mode is
100% modulated. (b) Demodulated RF power against input RF power. (c) Frequency spectrum of the detected

RF power at very low RF input.
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The optical intensity modulation is detected by a high-speed analog optical receiver with a
reponsivity of 260 pV/uW at 15 GHz. The calculated effective interacting voltage (based on DC
shift and detector responsivity) is 3 V at —1 dBm (Vpp = 0.56 V) RF input power that shows a
voltage gain of 5.3 at resonance. The voltage gain calculated based on S-parameter
measurements is 5.5. Fig. 10(b) shows the demodulated RF power against input RF power. The
modulation saturation occurs around 0 dBm received RF power. Fig. 10(c) shows the frequency
spectrum of the detected RF power at very low RF input powers. In this experiment an RF
amplifier with a gain of 20 dB is used after the detector to amplify the weak detected RF power.
At -67 dBm received RF power the signal-to-noise ratio of the detected RF power is about 13
dB. Both saturation voltage and sensitivity measurement results shown in Fig. 10(b) and (c)
show 10 dB improvement compared to the best results reported previously for a 9 GHz LiNbOs
microdisk modulator [6].

If the modulating RF frequency (fzr) is very close to Avggg, the behavior of the microdisk
modulator may be explained using a simple model based on the optical transfer function of the
microdisk optical resonator and electro-optic modulation of the WG k-vector. The time
dependent extraordinary refractive index of the LiNbO; microdisk modulated by the voltage
controlled by the ring resonator can be written as:

ﬂEOﬁS

t

W () =n, + & () =n, + —:lz—njr33 X GV, cos(@ye")
where Bs ( = 0.5) is a correction factor to compensate for the sinusoidal voltage distribution
around the microdisk. Substituting »’, in the optical transfer function one may estimate the
modulated optical output power as a function of microdisk parameters. The modulated optical
output power calculation may be simplified if we use the optical mode slope and the DC-shift as
the main measurable parameters:

P, o,mod = GVBS VoSAA.DC
where P, .4 is the amplitude of the optical output power oscillation, and S is the optical mode
slope in the vicinity of the laser wavelength (usually measured in uW/pm). In an additional
single frequency experiment with the 14.55 GHz microdisk modulator we selected a symmetric
and clean WG resonance to estimate the voltage gain (Gy). The maximum mode slope (S) was
80 uW/pm. The RF input power was -1 dBm corresponding to a ¥ of 0.56 V. After correcting
the modulated voltage and input RF power to compensate for the RF cable losses we calculated a
Gy of 5.12 using the measured values of S, ¥ and A\

Harmonic single frequency modulation

We have demonstrated efficient second-harmonic (m, = 2) optical modulation by tuning the even
second-harmonic resonance (mg = 2) of the ring resonator to 2 X Avpsg. Fig. 11(a) shows a
photograph of the experimental arrangement. The disk used is z-cut LiNbO3 of radius R = 2.9
mm and thickness # = 0.720 mm. Optical coupling into and out of the microdisk is achieved
using a single microprism and the maximum coupled power is 100 uW. The optical Q is near
3x10 ® and Avgsg =7.6 GHz (for TE WG modes). In this experiment first we compared the
fundamental (frr = Avgpsg) linear modulation efficiency of the ring and semi-ring resonator.
Semi-ring resonator was previously used in the microdisk modulator design because its resonant
frequency can be tuned simply by tuning the length [5,6,29-31].
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Fig. 11(b) shows the measured S»; for the ring in Fig. 11(a) as well as a semi-ring on the same
microdisk. The resonant dips up to the third harmonic of the ring are shown. For the ring
resonator (solid line) we observe two dips (one small and one large) due to even-odd mode
splitting. The coupling strength of the ring (depth of the resonant dips) at higher frequencies is
better than that of the semi-ring and also the width of the resonant dips is smaller for the ring due
to a better quality factor. These observations prove the superiority of the ring resonator
especially at high frequencies. Fig.11(c) shows the measured S; through the microstripline that
is coupled to ring and semi-ring around the fundamental resonance. As may be seen the even
mode of the ring and the fundamental resonance of the semi-ring are tuned to Avgsg. The left
inset shows the simulated E-field distribution in the middle of the disk at fundamental even mode
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N S . 10 15 2
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Figure 11 (a) Photograph of the experimental arrangement showing side-coupled microring, microprism,
microdisk and output fiber. (b) S;; RF spectrum of a ring and semi-ring side-coupled to microstrip line. The
copper microring has radius R = 2.9 mm and width w = 0.5 mm. (c) Measured S,; for semi-ring and ring at
fundamental resonance. (d) The detected modulated power with semi-ring and ring resonator.

The right inset shows the detected RF power from the detector showing modulation
improvement replacing semi-ring with ring. Fig. 12(a) shows a 3D view of the simulated E-field

FINAL TECHNICAL REPORT Microphotonic RF receiver components page 15
Award number N00014-00-1-0458 Start date 4.1.00 End date 3.31.04



distribution for even second-harmonic mode on the ring (Because of E-field distribution and
better coupling, we use the even modes of the ring modulation). The plus sign means the E-
vector is directed upward (along the c-axis) and minus sign means E-vector is pointing
downward. Based on the E-vector directions it can be seen that the period of RF oscillation is
half the photon round trip time (frr = 2 X Vrsr ) the optical field stays in phase with the RF-field.
Fig. 12(b) is measured signal to noise ratio (SVR) at the fundamental (Vrsgr = 7.6 GHz) and the
second-harmonic (2 X vgsg = 15.2 GHz). To have a bit error ratio (BER) performance of better
than 107 (analog SNR of 20 dB) the minimum RF power needed is -32 dBm at 15.2 GHz and —

41 dBm at 7.6 GHz. At (ﬁiF = AVFSR).
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Figure 12 (a) 3D simulation of E-field distribution on a cut plane passing through middle of the disk when the
even second-harmonic of the ring is excited. The plus signs correspond to E-vector directed upward along c-axis
and minus signs correspond to downward direction. (b) Measured signal to noise ratio (of amplified signal) as a
function of input RF power at fundamental (fzr = 7.6 GHz) and second-harmonic (fzr = 15.2 GHz) of the ring (the
amplifiers have a gain of 30dB and noise figure of 1.7 dB and 2.6 dB respectively). The inset shows S;spectrum
when the even second harmonic of the ring (f= 15.2 GHz) is excited.
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We have also demonstrated single frequency modulation at 26.1 GHz (using the 3™ harmonic of
5.13 mm disk) and 29.1 GHz (using the 2™ harmonic of 2.95 mm disk). Table 2 summarizes the
fundamental and harmonic modulation frequencies that have been experimentally demonstrated.

Table 2

disk D (mm) |t(mm) |Fundamental (GHz) | 2™ (GHz) |3"(GHz)
D1 2.93 0.4 15.2
D2 2.95 0.2 14.8 K I R
D3 5.13 0.4 8.7 17.4 26.1
D4 5.8 0.72 7.6 152 | e
D54 3 0.4 14.6

Part I1:

LiNbO; microdisk modulator in RF - optical link

We have demonstrated data and video transmission over a RF fiber-optic link using a traveling-
wave LiNbO; microdisk resonator to modulate an optical carrier with a RF signal. Fig. 13(a)isa
photograph of the side-coupled resonant modulator used in the experiments and Fig. 13(b) is a
schematic diagram of the RF fiber-optic link.

Data modulated
Prisms RF carrier

!

RF-resonator
V4 gain, Gy = Var.etoctrode | Viransmission-tine
PIN diode
_4::3@ { DFB laser diode, RIN~-140 dB

Coupling Couplmg
Fiber PAS™

Laser input

RF resonator

LiNbO; disk
Optical output

LszO; disk, optical 0~ 10°

RFfecd () (®)
Figure 13 (a) Photograph of the side-coupled resonant traveling-wave LiNbO; microdisk used to modulate an

optical carrier with a RF signal. (b) Schematic diagram of the RF fiber-optic link used in the experiments.

The disk employed is z-cut LiINbO3 of radius R = 2.56 mm and thickness # = 0.4 mm. A micro-
prism couples laser light into the microdisk and another prism is used to couple light out. All
components are mounted on a planar structure to improve mechanical stability of the system.
The RF-resonator is a semi-ring metal electrode side-coupled to a microstrip line. The
fundamental resonant frequency of the RF-resonator is tuned to match the 8.68 GHz optical free-
spectral-range (FSR) of the disk so that simultaneous RF and optical resonance maximizes the
electro-optic interaction. A RF synthesizer generates the RF carrier (at the first resonant
frequency of the half-ring) that is modulated by a non-return-to-zero pseudo-random bit-stream
(NRZ 2’-1 PRBS) using a RF mixer. The resulting RF signal is then amplified and fed to the
side-coupled ring resonator electrode used to modulate the 194 THz (wavelength A = 1550 nm)
optical carrier. After transmission through several meters of fiber, a PIN diode is used to detect
and optical signal. The baseband data is down-converted through mixing with the local
oscillator in a RF-mixer. The demodulated data is measured using a bit error ratio (BER) tester
and a digital oscilloscope.
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Figure 14 (a) Measured phase margin of the output at 10 Mb/s (NRZ 2’-1 PRBS) for 10 mW and 2.5 mW
modulating RF power (the equivalent 50 ohm terminated peak-to-peak voltage (V),,) is 2 and 1 Volt respectively).
The inset is a representative of the corresponding output eye diagram. (b) Measured sensitivity of BER to
modulating RF power (measured RF power within 150 MHz bandwidth centered at 8.68 GHz).

The laser wavelength is tuned close to the resonant wavelength of one of the high-Q TE-modes
of the disk where optical modulation is maximized. The bandwidth of the chosen optical-mode
is about 150 MHz, corresponding to an optical O = 1.3x10%, and this limits the data transmission
rate to less than 200 Mb/s. The modulating RF power is the measured power of the RF signal
(data modulated RF carrier) within 150 MHz bandwidth centered at 8.68 GHz RF-carrier
frequency. Fig. 14(a) shows the measured phase margin of the output at 10 Mb/s (NRZ 2’-1
PRBS) for two different modulating RF-powers, 10 mW and 2.5 mW (2 and 1 Volt equivalent 50
ohm terminated peak-to-peak voltage). The inset is a representative of the corresponding output
eye-diagram. Fig. 14(b) shows the measured sensitivity of BER to modulating RF power. The
optical output power for all of these measurements is between 18 uW to 27 uW and the laser
wavelength is tuned close to the middle of the optical mode slope. Fig. 15 shows input and
demodulated outg;ut eye-diagrams transmitted over the RF fiber-optic link at (a) 50 Mb/s and (b)
100 Mb/s NRZ 2’-1 PRBS data rates.

Input data

A R T Y T

100 Mb/s

50 Mb/s

(a)
Figure 15 Input and demodulated output eye-diagrams transmitted over the RF ﬁber—optlc link at (a) 50
Mb/s and (b) 100 Mb/s NRZ 2’-1 PRBS data rates. The modulating RF power is 40 mW and 60 mW
respectively.
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BER

The critical factors for high-quality data transmission are the purity and Q-factor of the chosen
optical mode, the magnitude of the rising or falling slope of the optical mode in the vicinity of
the laser wavelength, and the optical output power from the disk. By tuning the laser wavelength
and RF carrier frequency it is possible to optimize the modulation quality and efficiency.
Because of the high-Q of the optical modes (1 - 3 x10°%), the sensitivity of modulation quality and
efficiency to the mode’s slope, wavelength stability of the laser is also important. A stable, high-
quality, data transmission requires a wavelength stability of less than 0.1 pm.

To gain insight into the variables which most influence signal-to-noise and hence ultimate
performance of the microdisk modulator for RF wireless applications we have investigated the
sensitivity and BER performance of the modulator using realistic values of critical parameters.
Contributions to signal-to-noise come from many sources these include laser relative intensity
noise (RIN)laser line-width, optical detector dark current, detector amplifier noise, antenna
background noise, etc. We found that laser RIN, microdisk optical O, and RF electrode gain
factor G, are the important parameters determining sensitivity. Optical disk thickness, ¢, is also
an important factor because, in the geometry we use, RF electric field intensity is proportional to
t. Fig. 16(a) illustrates the sensitivity of the receiver to variation in optical Q. Increasing optical
Q by a factor of two from 2 X 108 to 4 x 10° changes sensitivity by a factor of eight from 4.5 nW
to 0.55 nW while decreasing the data bandwidth from 100 MHz to 50 MHz. Fig. 16(b)
illustrates the sensitivity of the receiver to variation in microdisk thickness . Decreasing ¢ by a
factor of two from 200 pum to 100 um changes sensitivity by a factor of four from 2.5 nW to 0.66
nW. The improved value of sensitivity dramatically decreases BER so that values of BER in the
10”° range can be achieved with RF input powers of less than 100 nW.
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Figure 16 (a) Calculated sensitivity and BER as a function of RF input power assuming the indicated value
of optical O, optical coupling efficiency 15%, laser RIN of -150 dB/Hzisk thickness ¢ = 400 um, and RF
Electrode voltage gain, G, = 2. (b) Calculated sensitivity of BER as a function of RF input power assuming
the indicated values of disk thickness ¢, an optical coupling efficiency of 15%, an optical Q-factor, 0 = 1.5

x 10% laser RIN of -150 dB/Hz, and RF electrode voltage gain, G, = 2.

To achieve 10 BER with a few nW of received RF power requires simultaneous optimization of
a few parameters. Fig. 17 shows the result of calculating sensitivity and BER as a function of RF
input power assuming the indicated value of laser RIN and optical coupling efficiency. The
device has thickness # = 400 pm, Q-factor is 2 X 10°%, RF electrode voltage gain G, = 10. Notice,
for the parameters simulated, optical coupling efficiency has little influence on BER with
essentially the same results being obtained for 15% and 80% coupling efficiency for both curves.
However, dramatically improved results occur when RIN is reduced from —140 dB/Hz to —150
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dB/Hz. In the latter case, sensitivity is 50 pW and BER of 10° may be achieved at an RF input
power of approximately 7 nW. These results are very encouraging and provide a systematic
approach with which to optimize the microphotonic modulator in the RF receiver.
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Figure 17 - Calculated sensitivity and BER as a function of RF input power assuming the indicated value of laser

RIN and optical coupling efficiency. Disk thickness # = 400 um, Q-factor is 2 X 10, RF electrode voltage gain G,
=10.

Patch antenna and patch antenna arrays

Antennas for operation at 8 GHz, 15 GHz and 30 GHz RF carrier frequency have been designed,
fabricated to enable the demonstration of microdisk modulator performance in a wireless RF-
optic link. We started working on planar antenna structures by design and fabrication of the
single patch antenna at 8 GHz, 15 GHz and 30 GHz. In order to increase the radiated and
detected power as well as improving the directionality of the radiation we switched to antenna
patch arrays. Four-patch antenna array has been successfully designed and tested at 8 GHz and
14.5 GHz for application in two different microdisk optical receivers with 5.13 mm and 3 mm
diameter disks respectively.

Fig. 18(a) shows the photograph of the fabricated four-patch antenna array at 8 GHz. The
antenna has been fabricated on 0.5 mm thick duroid board with a permitivity of 2.94 and loss
tangent of 0.00119. Fig. 18(b) shows the simulated radiation pattern of the antenna. As we see
the radiation is effectively concentrated inside a 33° cone (3 dB angular width) in both H and E
plane. Fig. 18(c) shows the experimental results of measuring the radiation patterns that are in
good agreement with calculated results. The transmitting and receiving antennas were identical.
The same design has been scaled to 14.5 GHz and four-patch antenna array has been fabricated
and successfully tested at 14.5 GHz. To increase the radiation power and make the radiation
more directive we switched to a series-fed ten-patch antenna array. Fig.19(a) shows a
photograph of the fabricated ten-patch series fed antenna array (on the same dielectric material).
Fig. 19(b) shows the experimental results of measuring the radiation pattern as we see the
vertical 3dB angular width (£-plane) decreased to 14°.
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Figure 18 (a) Photograph of the fabricated 8.7 GHz four-patch antenna array and definition. (b) Definition of
coordinates for characterizing the radiation pattern. (c) Calculated radiation pattern for antenna. (d) Experimental
results of measuring the radiation pattern at 8.7 GHz.
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Figure 19 (a) Photograph of the fabricated 8.7 GHz series-fed ten-patch antenna array. (b) Definition of the
coordinates for characterizing the radiation pattern. (c) Experimental results of measuring the radiation pattern at
8.7 GHz.

LiNbO; microdisk modulator in wireless RF — optical link

We have used the 4 and 10 patch antenna arrays designed for 8.7 GHz to demonstrate the
performance of the microdisk modulator in a wireless RF-optical link. The antenna was directly
attached to the microdisk modulator shown in Fig. 13. The transmitting antenna was a similar
patch array fed by amplified data or video modulated 8.7 GHz carrier. We have successfully
transmitted up to 100 Mb/s data stream and video signal over a 10 ft link. The operational
distance of the link can be improved by employing more efficient antennas and more sensitive
microdisk modulator.

Part III:

RF mixing/Down-conversion in optical domain

Processing microwave and mm-wave signals in the optical domain has been the subject of
intensive research for the past few years [16-18]. Placing a RF signal on an optical carrier
enables a wide variety of photonic signal processing techniques and, at the same time, avoids the
use of lossy transmission lines and high-speed electronic devices. One of the key operations in
microwave communication is frequency mixing. Several techniques have been proposed for RF
mixing in the optical domain such as nonlinear modulation in a Mach-Zehnder modulator [19]
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and nonlinear detection in a photodiode [20]. Here we introduce a new photonic RF mixing
technique that exploits simultaneous RF and optical resonance in the microdisk modulator. This
is used to realize a photonic RF receiver without any high-speed electronic components.

In a conventional super-heterodyne RF receiver architecture a local oscillator (LO) and mixer are
used to down-convert the signal to IF frequencies. Baseband information is subsequently
extracted from the IF signal in a detector/demodulator. Alternatively, in a direct—conversion
(homodyne) radio receiver, baseband information is obtained by mixing the received signal and
the LO without using an IF frequency [21]. In addition to such approaches, self-heterodyne
techniques have been proposed to reduce the number of components as well as size, weight, and
power consumption in high-carrier frequency (mm-wave), short distance, applications [22]. In a
self-heterodyne transmission system the transmitter broadcasts a RF modulated signal and the
local carrier so the IF signal can be down-converted by mixing the received carrier and
modulated signal in a nonlinear device called a self-mixer. The receiver power consumption,
phase noise, and complexity are reduced as a result of eliminating the conventional LO and
mixer. Although such an approach suffers from reduced power efficiency, it has been shown
that it can lower overall cost and complexity in mm-wave local area networks and indoor
wireless transmission systems.

Our photonic self-homodyne architecture combines direct-conversion, self-heterodyning, and
microdisk modulator technology, to directly extract baseband information from the received
signal by self-mixing of the transmitted carrier and the sidebands in the optical domain. We
show that the second-order nonlinearity in the transfer function of a LiNbO; microdisk optical
modulator when biased at its minimum transmission point may be used to realize the self-mixing
process.

Microphotonic self-homodyne RF receiver

A photonic self-homodyne RF-receiver replaces the function of a single-ended diode or FET
mixer in a transmitted carrier wireless link with a sensitive optical modulator that performs
down-conversion in the optical domain. In this approach the nonlinear dependence of the
modulator’s transmitted optical power (P,) on applied RF voltage (Vzr) is the source of
nonlinearity in the system. Fig. 20 illustrates the photonic self-homodyne RF receiver
architecture. The received RF signal contains both sidebands and the center frequency
(transmitted-carrier double-sideband modulation format) and is fed to an optical modulator
biased at its nonlinear operating point. The carrier and sidebands are mixed through the second-
order nonlinearity (P,; o V&%), hence the optical output intensity spectrum contains the baseband
and high-frequency products around the second-harmonic of the carrier frequency. A
photoreceiver with a bandwidth matched to the baseband signal generates the baseband
photocurrent (i) and automatically filters out the high-frequency components. The bandwidth of
all electronic circuitry used in the system is no greater than that of the baseband signal.
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Figure 20 Schematic diagram of the photonic self-homodyne RF receiver. The transmitted carrier RF signal is
received by the antenna and is directly fed to a square-law optical intensity modulator. Through nonlinear optical
modulation the optical output intensity spectrum contains the baseband and high frequency components that are
filtered out by the response of the low-speed photodetector.

The electro-optic transfer function of an optical intensity modulator P,(Vzr) can be expanded
around Vzr= 0 to give

P,=PO+PV+PD 4+ =N+ NV, +%V§F ke

Here, N; (i > 0) is the ith Taylor expansion coefficient of P,{(Vzr) at Var = 0 and N is the
transmitted optical power at Vzr = 0. At a fixed wavelength the magnitude of N; depends on
modulator properties and the chosen bias point. The first-order term linear optical intensity
modulation (P,e<Vgr) while other terms contribute nonlinear frequency components. Usually,
such nonlinearities are minimized in conventional direct detection (DD) optical communication
links. If the RF voltage amplitude is small enough and the modulator is biased at its extreme
transmission point (where dP,/dVzr = 0) the second-order term P,® dominates the behavior of
the modulator and the transmitted optical power (P,,) dependence on voltage around Vzr = 0 will

be similar to an ideal square-law mixer with:

P,=N, +%VRZF

If the baseband is a pure sinusoidal signal, the received RF voltage can be written as:

Ver =V, (1+m, cos(@,t))cos(@yt)

where m; is the RF modulation index, @, is the baseband frequency and wrr =27fzr is the RF
carrier frequency. The second-order term can be written as:
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%XV,&. = %Voz (1+m, cos(@,t))’ cos® (@yst)
Expanding the right-hand-side of this equation one obtains a DC term equal, high frequency

components centered around 2wgr and the two down-converted low-frequency terms at @, and
2@y are given by

(2 _
PD =

N.Vm? N.V2
2—"mcos(2a)bt)+ 2.0

m, cos(w,t)
The total second-order modulated optical power is

o,max

P® =(1+m’ +2m,)%V02

If we use a slow speed photodetector with a responsivity R, The optical power modulated at o,
generates the baseband photocurrent i, that carriezs the received information:

i,=R NEV(’ m, cos(@,?)

The efficiency of this down-conversion process may be defined as the ratio between the
amplitude of the optical power modulated at @, and P, me®. This efficiency is limited by the
generation of undesired frequency components at 2@y, 20rrt 20, and 2mrrt 0, as well as the
DC component. The linearity of the down-conversion is also an important parameter in receiver
operation and is defined as the ratio of optical power modulated at w, and 2w;. Here we assume
that the strength of the second-order nonlinearity dominates higher order terms in Equation (1) so
the generation of higher harmonics of the baseband (3®;, 4;, etc.) can be ignored. The down-
conversion efficiency and its linearity are determined by the RF modulation index (m;).
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Figure 21 (a) Calculated down-conversion efficiciency (Pyuw/Poma’) versus RF modulation index (m). (b)
Second-harmonic suppression ratio against m. The electrical (after detection) and optical suppression ratios are
related through Py, os/Pe 206 =(1at/i20)2 %(Po,u5/Po.uv)’

In Fig. 21 the down-conversion efficiency (a) and second-harmonic suppression ratio (b) are
calculated against m;. The second-harmonic baseband term (2w;) can be suppressed relative to
the baseband () by employing a transmitted carrier RF modulation format (m; < 2) and the
down-conversion efficiency reaches its maximum value of 25% around m; = 1. By choosing m;
= (0.8 an efficiency of about 25% and second-harmonic suppression of 7 dB optical (14 dB
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electrical, P,ec ipzocPo,(?‘)) can be achieved. The sensitivity of a photonic RF receiver strongly
depends on the magnitude of the second-order nonlinearity (M;) and so is determined by the
modulator sensitivity and the transfer function P,,. Given that most wireless links only require a
limited bandwidth around a high frequency carrier, a microdisk resonant optical modulator [??]
is a suitable choice for this application.

LiNbO; microdisk photonic RF mixer

At given RF voltage depending on the laser input wavelength the electro-optic transfer function
of the microdisk modulator can have a linear or nonlinear functionality. Fig. 22 shows how the
value of the laser wavelength relative to the resonant wavelength can change the linearity of the
optical modulation in a microdisk modulator. Two cases has been simulated (a) the laser
wavelength is tuned to the middle of the mode slope where P, o < Vrr (b) the laser wavelength
is tuned to a resonant wavelength where Py, o< (Var ).

Optical output power Optical output intensity

1 1 1L .
(a) 0 05 1 1.5 2 GHz
Wavelength Frequency
Optical output power
A

- > }\A A
Wavelength [ !

0 05 1 15 2 GHz
(®) Frequency

Figure 22 Simulated optical output power spectrum of microdisk modulator at linear (a) and nonlinear (b)
operation regime. The RF input power is a 1 GHz RF carrier modulated by a 100 MHz (single frequency)
baseband signal

The RF input voltage has the form Vip = V,(1+mcos(mp?))cos(wrrf). The simulation clearly
shows that when Ajuser = Ares the spectrum of the optical output power is similar to what is shown
in Fig. 19. Fig. 23 illustrates the measured spectrum of the detected RF power when the
microdisk modulator is fed by a single frequency RF signal (Vzr = V, cos(2ntfrrt") for = AVesg =
8.7 GHz). As may be seen when the laser wavelength is tuned to the resonant wavelength the
linear modulated optical power (at 8.7 GHz) is suppressed and its second-harmonic (at 17.4
GHz) increases as a result of second-order nonlinear modulation or P, &< (Vzr )2 .
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Figure 22 Nonlinear modulation with microdisk modulator. The microdisk is fed by a 0 dBm single frequency
RF signal (fzr = 8.7 GHz is the optical free spectral range of the disk). When the laser wavelength is set to the
middle of the optical mode slope the modulation is linear so we observe modulation only at 8.7 GHz (right) when
the wavelength is at the peak, modulation becomes nonlinear and modulation occurs at 17.4 GHz while the linear
component becomes small (left).

In the previous section we estimated the amplitude of the down-converted baseband modulated
optical power for a general second-order nonlinear modulator. We showed that the baseband
power is proportional to the second-order derivative of the electro-optic transfer function at a
certain biased point (N>). In Fig. 24 the transmitted optical power (P,) for a typical microdisk
modulator is simulated as a function of input RF voltage (Vzr). In our simulation the modulator
parameters are chosen to be representative of the experimental values with Q = 3.5x10°
(corresponding to o = 0.0075 cm™ and g = 0.095), 2 = 400 um, and G, = 6. The optical input
power is 50 uW and Ajueer ~ 1550 nm. The laser wavelength is tuned to an optical resonance of
the microdisk (Ares = Maser) SO in the absence of an external voltage (Vrr = 0) the transmitted
optical power is minimized. At this bias point N, is zero and N, is maximized so the modulator
is operating in the extreme nonlinear regime. The sensitivity of the modulator can be quantified
by a voltage amplitude Vs that modulates half of the optical mode power (Pomod = Poin -
Pymin). Veam is determined by the optical Q, ¢, 133, and G,. If Ver < 0.1Vyuns (small signal
operating regime) the microdisk modulator is effectively operating as a square law optical
intensity modulator (N; ~ 0, i > 2) as explained in the previous section. Since the baseband
modulated optical power is equal to m;N,Vy2/2. N is the critical parameter for down-conversion
and is directly proportional to Vs and optical input power. Fig. 23 shows that Vigans = 0.48 V
and optical input power of 50 UW results in N, = 0.037 mW/V*
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Figure 24 Calculated optical output intensity of an ideal microdisk modulator as function of RF input voltage (Gv
= 6). The dashed and the dotted lines are generated as the first (V;) and second (V) Taylor coefficients in an
expansion of the optical transfer function (solid line). The laser is biased to the extreme nonlinear operating
regime }\flaser= )-'res-

LiNbO; microdisk self-homodyne RF receiver

In our initial experiments we use a single tone baseband signal to study the effect of RF
modulation index (m;) and RF power on down-conversion efficiency and its linearity. Fig. 25(a)
and (b) are the photographs of the 14.6 GHz microdisk modulator. Fig. 25(c) is a schematic
diagram of the experimental arrangement. The modulator uses a 400 pum thick LiNbOs
microdisk of 3 mm diameter and a free spectral range of Avpsg = 14.6 GHz. The laser source is a
tunable single mode laser with 0.05 pm wavelength resolution and a linewidth of less than 0.5
MHz. The laser wavelength is always tuned to the minimum of the chosen transmission dip to
maximize the second-order nonlinear modulation strength (M,). The RF signal is a 10 MHz
single tone baseband signal mixed with a 14.6 GHz RF-carrier in a double-balanced RF-mixer.
By DC-biasing the IF port of the mixer we can control the modulation index (m;) and magnitude
of the transmitted power at the carrier frequency. The RF signal is fed to the microdisk
modulator through a bandpass RF filter with 1 GHz bandwidth around 14.5 GHz, to make sure
that all of the nonlinear products generated in the RF components are filtered out. The optical
output is detected in an amplified photodetector with a bandwidth of 150 MHz and responsivity
of 3 mV/uWw.
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Figure 25 (a) Photograph of the LiNbO; microdisk modulator. (b) A close up view of the modulator showing the
microstripline, LiNbO; microdisk, microprism, microring RF resonator and the output fiber. (¢) Schematic
diagram of the experimental arrangement used for photonic RF down-conversion measurements. The RF
modulation index (m,) is tuned using the DC bias on the mixer. The laser is a tunable single mode laser with a
resolution of 0.1 pm and linewidth of less than 0.5 MHz. The RF filter eliminates any low frequency component
generated due to nonlinearities in RF devices. The local oscillator frequency is 14.6 GHz that is equal to the
optical free spectral range of the microdisk modulator.

Fig. 26 shows the down-converted optical power against the total RF input power when m = 0.8.
The black circles are the experimental data and the white circles and dashed line are the
simulated data. The inset shows the optical resonance selected for nonlinear modulation. The
black arrow indicates the location of the laser wavelength, Ajer. The optical resonance has Q =
2.7x10% and a N coefficient of 0.023 mW/V* (Vs = 0.7 V). The simulated data in Fig. 20 are
calculated using mN>Vy*/2 and knowing that the total average RF power of a single tone
modulated RF carrier is given by Prr = Vo*(1+m’/2)/100.
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Figure 26 Measured baseband modulated (10 MHz) optical output power against m for three
optical modes with different optical quality factors?

Fig. 27(a) shows the variation of the down-converted optical power at 10 MHz as a function of
the modulation m and for three resonances with different quality factors. The modulation index
is tuned to the desired values by changing the DC bias applied to the mixer.
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Figure 27 (a) The measured and calculated baseband modulated optical power versus total RF input power. The
inset shows the optical spectrum of the WG resonance chosen for down-conversion (Q = 2.7x10%, N, = 2.23x107
mW/V?). (b) Measured second and third Harmonic suppression ratios (electrical) against .
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The total received RF power is about -15 dBm that corresponds to ¥ = 0.05 V (3). The Vi is
around 0.8 V for the optical resonance used, so ¥y < 0.25 Vs guarantees device operation in
the small-signal regime. As may be seen in Fig. 27(a), down-conversion efficiency is maximized
around m = 0.8, in very good agreement with the simulated curve for an ideal square law mixer.
Also, as anticipated, the amount of down-converted power increases as we increase the optical Q
(a larger Q results in a larger Vuuns and therefore a larger N;). To evaluate the linearity of the
down-conversion process we have measured the detected power at the second and third harmonic
of the baseband signal (20 MHz and 30 MHz respectively).
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Figure 28 Measurement results of photonic data down-conversion in LiNbO; microdisk modulator. (a) The
frequency spectrum of the input RF signal and down-converted signal. The RF carrier frequency is 14.6 GHz and
it is modulated by a 10 Mb/s 2’-1 NRZ PRBS bit stream. (b) The BER sensitivity of the photonic RF receiver.
The RF power is the measured RF power within 10 MHz bandwidth centered around 14.6 GHz. The right inset
shows the input and detected data in time domain. The left inset shows the optical spectrum of the selected WG
resonance

In a perfect square law modulator the third harmonic should be absent but the chosen optical
resonance doesn’t have an ideal symmetric shape and so generates odd harmonics. Fig. 27(b)
shows the harmonic suppression ratio against m. As predicted (Fig. 20(b)) the suppression ratio
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decreases when we increase m. At m = 0.8 the second-harmonic suppression ratio is about 17 dB
(electrical).

For experimental demonstration of data transmission we use the arrangement in Fig. 24(c) but
replace the signal generator with a NRZ pattern generator and the photodetector with a digital
photoreceiver. The photoreceiver has a -3 dB frequency bandwidth of 120 MHz and a
sensitivity of —34.5 dBm. Fig. 28(a) shows the measured frequency spectrum of the input RF
signal and the down-converted signal after detection. The carrier frequency is 14.62 GHz and
the baseband data is a 10 Mb/s NRZ 2’-1 pseudo-random bit stream (PRBS). Fig. 28(b) shows
the measured bit error ratio (BER) against the total RF input power. The received RF power is
defined as the measured RF power within 10 MHz bandwidth centered around 14.6 GHz. The
left inset shows the spectrum of the optical resonance with Q = 2x10°. The inset on the right
shows the input and down-converted data in the time domain.

In Fig. 29 the measured eye diagrams at 10 Mb/s, 50 Mb/s and 100 Mb/s are shown. The
received RF power is —15 dBm. In this particular case the maximum data rate is limited by the
optical Q to approximately 100 Mb/s.

100 Mb/s

10 Mb/s

Down-converted |- g
eye

Time, ¢ (25 ns/div) Time, ¢ (10 ns/div) Time, ¢ (5 ns/div)
Figure 29 Measured eye diagrams at 10 Mb/s, 50 Mb/s and 100 Mb/s.

We note that the detected down-converted signal can be increased by reducing the disk thickness
(¢) and employing a high-Q RF ring resonator (both these factors lead to a larger N, coefficient).
We can also reduce the signal-to-noise in the photonic receiver by employing a bandpass optical
filter after the microdisk modulator. A filter with a bandwidth less than 4fzr can eliminate high
frequency optical components around 2fzr given and therefore reduce the noise generated by the
optical power at these frequencies in the slow-speed photoreceiver.

We have designed and fabricated a 4-patch antenna array with 1 GHz bandwidth around 14.6
GHz carrier frequency to demonstrate the first microphotonic RF wireless receiver in Ku-band.
The antenna is directly attached to the microdisk modulator. The transmitter is a similar 4- patch
array and is fed through an amplifier. We have successfully transmitted 10 Mb/s data stream
(NRZ 27-1 PRBS) over a short link. Fig. 30(a) shows a photograph of the antenna coupled Ku-
band microdisk modulator. Fig. 30(b) shows the spectrum of the WG resonance selected for
nonlinear optical modulation. The laser was tuned to the minimum transmission point. In Fig.
30(c) the transmitted and received data amplitude is demonstrated in time domain.
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Figure 29 (a) photograph of the experimental arrangement for photonic RF wireless receiver demonstration. A
four patch antenna array with 1 GHz bandwidth around 14.6 GHz carrier frequency is directly attached to the 14.6
GHz LiNbO; microdisk modulator. (b) The optical power spectrum of the WG resonance used for nonlinear
optical modulation. (c) The original and down-converted data measured in time domain.

Conclusion
Results of analysis, modeling, device fabrication and measurement indicate that a microphotonic
RF receiver is feasible. A novel self-homodyne photonic RF receiver based on a microdisk
modulator has been developed. Down-conversion occurs in the optical domain through
nonlinear modulation, thereby eliminating the need for an RF local oscillator and mixer.
Experimental verification of the receiver architecture has been achieved by measuring BER and
eye-diagrams using signals down-converted from a NRZ digital data modulated transmitted
carrier RF signal with fgr = 14.6 GHz carrier frequency. The microdisk modulator and the
photonic self-homodyne architecture have the potential to be incorporated into a photonic
integrated circuit by using alternative electro-optic materials (such as polymers and compound
semiconductors). Reducing the disk diameter will extend the carrier frequency into mm-wave
regime so that this receiver architecture has potential to be used in future indoor mm-wave
wireless systems. The main challenges for future are

1) Improving the sensitivity of the microdisk modulator.

2) Designing more compact and efficient narrow band and directional planar antennas.

3) Reducing the size and a proper package design.

4) Increasing the carrier frequency to mm-wave regime.

Publications
We have published a number of papers describing our work of both part I and part II of this
research program [23-33].
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RF mixing in LiNbO; microdisk modulator

Mani Hossein-Zadeh and A.F.J Levi
Advanced Network Technology Lab, University of Southern California, LosAngeles, CA 90089-2533
Phone: (213)-740 —5583, email: hosseinz@usc.edu

Abstract- For the first time we demonstrate that nonlinear
electro-optic modulation in a LiNbO; microdisk modulator can
be used to achieve RF mixing in optical domain.

I.  INTRODUCTION

A LiNbO; microdisk modulator [1] operates based on
resonant electro-optic interaction of optical whispering-
gallery modes (WGM) and E-field generated by an RF
resonator [2]. Long photon lifetime, RF voltage gain and
simultaneous RF-optical resonance provide a high RF-optical
sensitivity that can be used in RF-photonic signal processing
applications [3,4]. Fig. 1 shows the simulated optical output
power of a typical LiNbO; microdisk modulator in the
transmitting mode when the laser wavelength (As;.,) is tuned
to one of the resonant wavelengths (A, where a
transmission dip occurs (modulator parameters are chosen
very close to the experimental values). The sensitivity of the
microdisk can be quantified by a voltage amplitude ¥y, that
modulates half of the optical mode power (P, 5 Pomin)-

In this paper we demonstrate that the second-order
nonlinearity of an optical microdisk modulator, biased at its
minimum transmission point, may be used to realize the
optical mixing process required to extract the baseband signal
from the transmitted carrier RF signal.

(x10%) 5

SRS

0 i
Vingr (Volt)

Fig. 1. The simulated optical output power of a typical LiNbO;
microdisk modulator as a function of input RF voltage. The dashed and
dotted lines are generated as the first and second Taylor coefficients in an
expansion of the optical transfer function (solid line). Simulation
parameters: O =3.7x10¢, DC shift = 0.135 pm/V, G, = 6, distributed loss
(/em) = 0.0075, optical coupling factor =0.114, optical input power (Py,n)
=50 pm,

II.  RF-PHOTONIC MIXER

A. Second-order nonlinear modulation

We can expand the electro-optic transfer function of the
microdisk, P,(Vgr) around Vgr=0 as:
B,=N0+N1VRF+£[21V,?F + o m
Where N; (i > 0) is the ith Taylor expansion coefficient of
P,(Vrr) at Vrr= 0 and N, is the minimum transmitted optical
power (P, .i»). When the modulator is biased at its extreme
nonlinear operation regime (Ayser = Ayes) and Var < 4Vipar
(small signal regime), the behavior of P, can be estimated as
Pyoint ( 1/2)N2VRp2 . The dotted and dashed lines in Fig 1 are
the calculated N; and N, coefficients for the simulated
transfer function (solid line). As one may see, around the
transmission minimum, N,; is zero and the modulator is
effectively operating as a square-law RF-photonic device. N,
is the second-order modulation strength and its value is
determined by modulator parameters and optical input power.
An optical detector is used to convert the optical power to an
electrical signal creating an effective square-law RF mixer.

B. Self-homodyne RF-photonic receiver

In a self-homo and self-heterodyne wireless transmission
system the transmitter broadcasts an RF modulated signal and
the local carrier so the baseband/IF signal can be down-
converted by mixing the received carrier and modulated
signal in a nonlinear device (self-mixer) [5]. If the baseband
is a pure sinusoidal signal, the received RF voltage can be
expressed as:

Ve =V, (1 + m.cos(w,1))cos(w,,1) )

Where m is the modulation index, @, is the baseband

frequency and wgr is the RF carrier frequency. If we feed

this signal to a microdisk modulator biased at pure nonlinear

modulation regime (As.r = As) the transmitted optical power
can be written as:

P =P .+ %VOZ (1 + m.cos(@, 1))’ cos® (@g,t) 3)

o,min

Expanding the second term on the right hand side of (3) one
obtains a DC term, high frequency terms around 2wmgr and
two down-converted terms at @y, and 2 o, given by:

2 .2 2
NFom” cos(2w, 1) + NVs mcos(@,?) @




So the optical output intensity is baseband modulated and can
be detected with a slow speed photodetector. The second-
harmonic baseband term (2@,) may be suppressed relative to
the baseband (@) by employing a transmitted carrier RF
modulation format (m < 2). In the small-signal operating
regime (Vrr < 0.1Viung), with modulation index of m = 0.4, a
second-harmonic baseband suppression of 20 dB and down-
conversion efficiency of 20% (corresponding to 20% of the
total modulated optical power being modulated at baseband
frequency) can be achieved.

HI.  EXPERIMENT AND RESULTS

The LiNbO; microdisk used in our experiment is 400 um
thick, 3 mm in diameter, and has an optical free spectral
range of 14.6 GHz. The RF signal applied is a 14.6 GHz RF-
carrier mixed with the baseband signal in a double-balanced
RF-mixer. Fig. 2(a) shows a schematic diagram of the
experimental arrangement.
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Fig. 2. (a) Schematic diagram of the experimental arrangement for
demonstrating all-optical down-conversion with microdisk modulator.
(b) The optical mode selected for data down-conversion with a Q of
3.5x10°% (c) Receiver eye-diagrams and demodulated data for 27-1
PRBS data sequences at 10 Mb/s and 100 Mb/s rates after electro-
optical down-conversion (total RF input power = 7 dBm).

By DC-biasing the IF port of the mixer we can control the
modulation index m and in our experiment m = 0.5. The RF
signal is applied to the microdisk modulator after passing
through a bandpass RF filter (14.6 GHz center frequency and
1 GHz bandwidth) to ensure any nonlinear products of the
oscillator and amplifier are filtered out. Fig. 2(b) shows the
optical mode selected for nonlinear modulation. Optical
output is detected using a digital photoreceiver with a
sensitivity of —34.5 dBm and -3 dB bandwidth of 100 MHz.
Fig. 2(c) shows the clean eye-diagrams after electro-optical
down-conversion when the RF carrier is modulated by a
pseudo-random bit stream (PRBS 2’-1) at 10 Mb/s and 100
Mb/s.

IV.  CONCLUSION

We have proposed a novel RF mixing method based on
nonlinear optical modulation in LiNbO; microdisk WGM
resonator. This method is employed in a self-homodyne RF-
photonic receiver where down-conversion occurs in the
optical domain through nonlinear modulation, thereby
eliminating the need for an RF local oscillator and mixer.
Clean eye-diagrams at 10 Mb/s and 100 MB/s are down-
converted from a transmitted carrier RF signal with 14.6 GHz
carrier frequency. This is the first Ku-band microphotonic
RF receiver architecture without any high-speed transistors.
By reducing the microdisk diameter and improving
modulator sensitivity the architecture has the potential to be
used in future indoor mm-wave wireless systems.
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1. Introduction

Previous work on microdisk modulator technology was focused on the linear modulation regime [1,2]. Here, for the
first time we demonstrate that the nonlinearity in the transfer function of an optical microdisk modulator when
biased at its maximum transmission point may be used to optically mix and extract the baseband signal from the

modulated RF signal.

2. Self-homodyne RF-optical receiver

Fig. 1 is a block diagram of the RF-optical receiver. The received RF signal, which has a transmitted carrier RF-
modulation format, is fed to a microdisk optical modulator [2] biased at its maximum transmission point. The
carrier and sidebands are mixed through the second-order nonlinearity in the optical transfer function of microdisk
resonant modulator; hence the optical output intensity spectrum contains the baseband and high-frequency products
around the second-harmonic of the carrier frequency. A photoreceiver with bandwidth matched to the baseband

signal detects and automatically filters out higher-frequency components.
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Fig. 1. RF-optical receiver architecture. The received microwave signal nonlinearly modulates the laser light, so the
optical output intensity is baseband modulated. The optical signal is transmitted through a waveguide and fed to a low-

speed photoreceiver for baseband detection.



3.Simulation and experimental results

Fig. 2 shows the simulated signal flow in the RF-optical microdisk receiver. The transmitted-carrier RF input signal
(a) modulates the optical transfer function of the microdisk (b). When the laser emission wavelength (o) is centered
on the peak of the microdisk optical resonance the second-order nonlinear modulation generates the baseband and
high-frequency components (c). The photodetector bandwidth (dashed line) filters out the high-frequency
components and only the baseband can be converted to an electric signal. The second-order modulation (P, ) is
directly proportional to A44xr, the maximum optical output power (P,..) and optical quality factor (Q = Ay/AArwm),
where Agr is the amplitude of the resonant wavelength oscillation due to applied RF voltage. For a given input
voltage amplitude (RF power), A4zr is determined by the disk thickness, and the RF-resonator voltage gain [1].
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Fig. 2. The simulated signal flow in a microdisk RF-optical receiver. (a) The spectrum of transmitted-carrier RF signal.
carrier frequency = 10 GHz, Baseband frequency = 1 GHz (sinusoidal) and A = ¥,,/¥,, = 7. (b) Second-order nonlinear
modulation in microdisk modulator when the laser wavelength (4,) has been tuned to the peak of the transfer function. (c)
The spectrum of the optical output intensity. The high-frequency components are filtered out by photodetector bandwidth
(dashed line) and only the baseband is converted to electric signal.

In our experiment we use a LiNbO; microdisk modulator with a 400 pum thick, 5.13 mm diameter disk and free
spectral range of 8.7 GHz. The modulating electric field is generated by an RF-ring resonator [3] with a voltage
gain of 5.5. The RF signal applied is an 8.7 GHz RF-carrier mixed with the baseband signal (data) in a double-
balanced RF-mixer. By DC-biasing the IF port of the mixer we can control the magnitude of transmitted power at
carrier frequency and adjust the carrier — sideband ratio 4 (in our experiment A=V, / V,,, = 7). The RF signal is
applied to the microdisk modulator and finally the optical output is detected using a digital photoreceiver with 100

(c)




MHz bandwidth. The laser wavelength (Ag= 1550 nm)is tuned to the maximum transmission of an optical
resonance of the microdisk modulator. The measured optical Q of the mode is 2x10°® and transmitted optical output
power (P, ma) is 20 pW. Fig. 3 shows the receiver eye-diagrams for 27-1 PRBS data sequences at 10 Mb/s and 50
Mb/s rates after electro-optical down-conversion from 8.7 GHz RF carrier frequency. The measured bit error ratios
are 10”° and 8x10° respectively.

Detected SN TR

Input

25 ns/div 10 ns/div

Fig. 3 Receiver eye-diagrams for 2’-1 PRBS data sequences at 10 Mb/s and 50 Mb/s rates after electro-optical down-
conversion from 8.7 GHz RF carrier frequency. The measured bit error ratios are 10® (5.6 dBm RF input power) and
8x10”° (9.5 dBm RF input power) respectively.

4, Conclusion

A novel self-homodyne RF-optical receiver has been demonstrated. In this new approach the down-conversion
occurs in the optical domain through nonlinear modulation in a microdisk modulator and there is no need for an RF
local oscillator and mixer.
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Abstract

A novel RF-optical receiver architecture based on nonlinear
optical modulation in a LiNbO; microdisk modulator is presented.
This is the first RF-optical receiver without high-speed electronic
components for transmitted carrier links. We demonstrate
receiver operation by demodulating 50 Mb/s digital data from a
8.7 GHz carrier frequency.

1. Introduction

In homodyne and super-heterodyne RF receiver architectures
local oscillators (LOs) and mixers are used to down-convert and
extract the baseband information from the received RF signal.
Due to a desire for reduced part counts, size, weight, power
consumption in high-carrier frequency short distance applications
self-homo and self-heterodyne systems have been proposed [1,2].
In a self-homo and self-heterodyne transmission system the
transmitter broadcasts a RF modulated signal and the local carrier
so the baseband/IF signal can be down-converted by mixing the
received carrier and modulated signal in a nonlinear device (self-
mixer). The receiver power consumption, phase noise, and
complexity are reduced as a result of eliminating the LO and the
mixer. Although such an approach suffers from reduced power
efficiency, it has been shown that it can lower overall cost and
complexity in mm-wave local area networks and indoor wireless
transmission systems [1]. In this paper we demonstrate that the
second-order nonlinearity of an optical microdisk modulator,
biased at its maximum transmission point, may be used to realize
the mixing process required to extract the baseband signal from
the transmitted carrier RF signal.

2. LiNbO; microdisk modulator

Fig 1(a) is a photograph of the LiNbO; modulator configuration.
The optical power from a tunable laser is fed by fiber to a lens
system that focuses laser light through a microprism and couples
the light to the Whispering-Gallery (WG) modes of microdisk. A
second prism couples out the optical power that is fed by a second
fiber to an optical receiver. Typically, a microdisk modulator has
a very high sensitivity within a limited bandwidth centered at
frequencies equal to integral multiples of the optical free spectral
range (FSR) [3]. The optical transfer function of the microdisk
modulator has a Lorentzian shape around each resonant
wavelength (4,.) with a loaded optical-Q (Q = AyAArpmy)
limited by optical coupling factor (k) and the distributed internal
loss (o). The modulating voltage across the optical mode is
created by an RF-ring resonator [4] with a voltage gain G, at
resonance [5]. Fig. 1(b) shows the simulated optical output power
of a typical LiNbO; microdisk modulator as a function of input
RF voltage (notice that the actual interacting RF voltage seen by

the optical mode is larger due to electrical resonance). The laser
wavelength (M) is tuned to an optical resonance of the
microdisk so in the absence of an external voltage the transmitted
optical power is maximized

RF input ,D

‘. RF ring resonator

LiNbOs microdisk
Optical output
Optical input

AMsser™= Ares --- Ny

'Ez -1 0 1 2
Vi (Volt)
(b)

Figure 1. Photograph of a LiNbO; microdisk
modulator with two prism couplers and the ring
resonator. (b) The simulated optical output power
of a typical LiNbO; microdisk modulator as a
function of input RF voltage. The dashed and
dotted lines are generated as the first and second
Taylor coefficients in an expansion of the optical
transfer function (solid line).

The sensitivity of the modulator can be quantified by a voltage
amplitude Vpn, that modulates half of the maximum transmitted
power (P,nm). Vi is determined by the optical-Q, disk




thickness (#;), the electro-optic coefficient (r3;) and G,. In our
simulation the modulator parameters are chosen to be
representative of the experimental values: Q = 4x10°
(corresponding to o = 0.014 cm™ and ko = 0.08), #; = 400 um,
G,=6V, Viups= 0.45 V and input optical power =1 mW.
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Figure 2. (a) Detected RF power at 14.5 GHz versus
RF input power. The detected power is normalized
to saturation power. (b) Detected RF power versus
input RF frequency at — 66 dBm RF power.

Fig. 2(a) shows the linear modulated optical power at 14.5 GHz
vs. RF input power for a 400 pum thick and 3 mm diameter
LiNbO; disk that has an FSR of 14.5 GHz. The optical mode
used in the experiment had a Q of 4.5x10° and the laser
wavelength is tuned to the middle of the mode slope. The
modulation is detected with an amplified high-speed optical
detector. The detected power is normalized to the saturation
power at which the linear portion of the optical mode is
completely modulated. In this case the saturation occurs at 0 dBm
RF input power that corresponds to a Vg, of about 0.32 V. Fig.
2(b) shows the detected RF power versus input RF frequency at
— 66 dBm (250 pW) RF input power. As may be seen even at
sub-nanowatt regime a signal-to-noise ratio of about 10 dB and
bandwidth of about 70 MHz is obtained.

3. Self-homodyne RF-optical receiver

A self-homodyne RF-optical receiver replaces the function of a
single-ended diode or FET mixer in a transmitted carrier wireless
link with a sensitive optical modulator that performs down-

conversion in the optical domain. In this approach the nonlinear
dependence of transmitted optical power (P,) on applied RF
voltage (Vxr) is the source of nonlinearity in the system. Fig. 3
illustrates the block diagram of the self-homodyne RF-optical
receiver.
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Figure 3. RF-optical receiver architecture. The
transmitted carrier received microwave signal
nonlinearly modulates the laser light in optical
modulator. The baseband intensity modulation is
generated as a result of carrier-sideband mixing in
optical domain. Finally optical output is fed to a
low-speed photodetector for baseband detection.

The received RF signal that contains both sidebands and the
center frequency (transmitted-carrier double-sideband modulation
format) is fed to an optical modulator biased at its nonlinear
operating point. The carrier and sidebands are mixed through the
second-order nonlinearity, hence the optical output intensity
spectrum contains the baseband and high-frequency products
around the second-harmonic of the carrier frequency. A
photoreceiver with a bandwidth matched to the baseband signal
detects and automatically filters out the high-frequency
components. In this way the bandwidth of electrical circuitry
used in the system is limited to that of the baseband signal. The
efficiency of a RF-optical receiver strongly depends on the
sensitivity of the optical modulator and the magnitude of its
second-order nonlinearity. Given that most wireless links only
require a limited bandwidth around a high frequency carrier, a
microdisk modulator is a suitable choice for this application since
it fulfills both criteria when biased at maximum optical
transmission. We can expand the electro-optic transfer function
of the microdisk, P,(¥zr) around Vgr= 0 as:
P =N, + NV + N,V +...

Where N; (i > 0) is the ith Taylor expansion coefficient of P,(Vzr)
at Vgr = 0 and Ny is the maximum transmitted optical power
(Pomax)- When the modulator is biased at its extreme nonlinear
operation regime (Ajser = Ares) and Vir < 4Vgaps (small signal
regime) the behavior of P, can be estimated as P, pyat NZVRFZ.
The dotted and dashed lines in Fig 2(b) are the calculated N; and
N, coefficients for the simulated transfer function (solid line). As
one may see, around the transmission peak N, >> N; and the
modulator is effectively operating as a square-law detector. Ata
given voltage the value of N, is proportional to Vs and P, max -
If the baseband is a pure sinusoidal signal, the received RF
voltage can be expressed as: Vg = Vo(l + m.cos(mbt))cos(a)RFt)
Where m is the modulation index, @, is the baseband frequency
and wgr is the RF carrier frequency. In the pure nonlinear



modulation regime (A5, = Ayes) the transmitted optical power can

be written as:
P=P .+N, xV

0,max

P e + NV 21+ m.cos(@,?)) cos’ (@g,1)

Expanding the second term on the right hand side of the above
equation one obtains a DC term equal to (N, Vi2)Y(1+ m*/2), high-
frequency components centered around 2xagr given by:

2
NZZVo ((1+ m? 12)cos(2 4 1) + (m? 1 4) cos ? (20,1) coS(2 7 )
+ m cos(@,1) cos(2w 1))

and two down-converted low frequency terms at @, and 2@, given
by:

N. VZ 2
2 : P cos(2w,t) + N,V2mcos(,f)

The total (nonlinearly) modulated optical power is:
BY =|1+m? +2m)N, 7|

The second-harmonic baseband term (2w,) may be suppressed
relative to the baseband (w;) by employing a transmitted carrier
RF modulation format (m < 2). In the small signal operating
regime (Vrr < 4Vmag), with a second-harmonic baseband
suppression ratio of 10 dB (m = 0.4), the theoretical power
efficiency of this down-conversion process is 20% corresponding
to 20% of the total modulated optical power being modulated at
baseband frequency. At peak optical transmission N, is negative
so the down converted baseband signal is 180 degree shifted
relative to the original signal. In a data link we may use a digital
photoreceiver to detect the baseband and simply recover the
original data from the data bar port. Another possible solution is
to use optical transmission dips (as opposed to peaks) and bias the
microdisk at its minimum transmission point. The results of
simulating the signal flow in the RF optical receiver are shown in
Fig. 4.
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Figure 4. The simulated signal flow in a microdisk
RF-optical receiver. The input RF signal is a 10 GHz
RF carrier modulated by a 62.5 Gb/s data stream.
(a) The spectrum of transmitted-carrier RF signal.
The inset shows the original data in a 640 ns time
interval. (b) The spectrum of the optical output
intensity after nonlinear modulation. The high-
frequency components are filtered out by the
photodetector bandwidth (dashed line) and only the
baseband is converted to electric signal. The inset
shows the detected data in the same time interval.

In this simulation the microdisk modulator parameters are the
same as Fig. 2(b). Fig 4(a) shows the spectrum of the transmitted-
carrier RF input signal. The RF carrier frequency of 10 GHz is
modulated by a 62.5 Mb/s data stream with modulation index of
m=0.5. The inset shows the original data stream in a short time
interval (640 ns). Fig 4(b) shows the calculated spectrum of the
optical output intensity. Nonlinear modulation generates the
baseband signal and high-frequency components around 20 GHz.
The photodetector bandwidth (= 0.1 GHz, dashed line) filters out
the high-frequency components and only the baseband is
converted to an electric signal. The inset shows the detected data
stream again in a 40 ns time interval.

4. Experiment and results

The LiNbO; microdisk used in experiments is 400 pm thick, 5.13
mm in diameter, and has an optical free spectral range of 8.7
GHz. A copper ring electrode on top of the microdisk with a
resonant RF voltage gain of 5.5 at 8.7 GHz is used to create the
electric field for electro-optic modulation. The RF signal applied
is an 8.7 GHz RF-carrier mixed with the baseband signal in a
double-balanced RF-mixer.
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Figure 5. (a) Schematic diagram of the experimental
arrangement for demonstrating all-optical down-
conversion with microdisk modulator. The carrier
frequency is 8.7 GHz and it is modulated with data
stream from the pattern generator. (b) Picture of the
RF-optical receiver showing the microdisk modulator
and the digital optical receiver.

By DC-biasing the IF port of the mixer we can control the




modulation index m and consequently the magnitude of
transmitted power at the carrier frequency (in our experiment m =
0.4). The RF signal is applied to the microdisk modulator after
passing through a bandpass RF filter (8.7 GHz center frequency
and 1 GHz bandwidth) to ensure any nonlinear products of the
oscillator and amplifier are filtered out. Fig. 5(a) shows a
schematic diagram of the experimental arrangement and Fig. 5(b)
is a photograph of the RF-optical receiver showing the microdisk
modulator and the digital receiver. Optical input to the microdisk
modulator is provided by a tunable single mode laser with 0.3 pm
wavelength resolution and < 0.5 MHz linewidth. Optical output
is detected using a digital photoreceiver with a sensitivity of —
34.5 dBm and -3 dB bandwidth of 100 MHz. The measured Q of
the optical mode is 3.5x10° and transmitted optical output power
(Pomax) is 1.8 uW. The laser wavelength (Ag = 1550 nm) is tuned
to the optical resonator’s peak transmission. Fig 6(a) shows the
optical resonance spectrum used in experiment.
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Figure 6. (a) The optical mode selected for data
down-conversion with a Q of 3.5x10%. (b) Receiver
eye-diagrams and demodulated data for 2’-1 PRBS
data sequences at 10 Mb/s and 50 Mb/s rates after
electro-optical down-conversion from 8.7 GHz RF
carrier frequency. The measured bit error ratios are
10° (5.6 dBm RF input power) and 8x10° (9.5dBm RF
input power) respectively.

Fig. 6(b) shows the detected data and clean eye-diagrams after
electro-optical down-conversion when the RF carrier is modulated
by a pseudo-random bit stream (PRBS 2’-1) at 10 Mb/s and 50
Mb/s. The measured bit error ratios are 10° and 8x107
respectively.

5. Conclusion

A novel self-homodyne RF-optical receiver has been described.
Down-conversion occurs in the optical domain through nonlinear
modulation, thereby eliminating the need for an RF local
oscillator and mixer. Clean eye-diagrams at 10 Mb/s and S0
MB/s are down-converted from a transmitted carrier RF signal
with 8.7 GHz carrier frequency using a microdisk modulator. The
sensitivity of the microdisk modulator can be maintained up to
mm-wave frequencies by reducing the disk diameter, so the
receiver has potential to be used in future indoor mm-wave
wireless systems.
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Abstract: A LiNbO; microdisk electro-optic modulator that uses a microring RF
resonator is presented. For the first time we demonstrate efficient modulation at the
second-harmonic frequency (2xVvgsg) and also improve sensitivity at the fundamental
frequency (Vesr)-
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1. Introduction

Recently a new type of electro-optic modulator at GHz frequencies has been developed that uses
high-Q optical whispering gallery (WG) modes of a LiNbO; disk [1-3]. So far the fundamental
resonant mode of a semi-ring RF resonator has been used for modulation at the optical free-
spectral-range frequency (Vesg) of (WG) optical modes. Here we present experimental results
showing efficient modulation at frr = 2XVgsr and sensitivity improvement at frr = Vrsg When
modes of a microring resonator are excited at these frequencies. A ring resonator that is tuned to
mXVgsg (Where m is a non-zero integer) can provide the modulating E-field with the right phase
along the full photon path length around the disk and therefore doubles the electro-optic
interaction at each round trip compared to a semi-ring resonator. Using the microring resonator
also improves coupling to higher harmonics (2XVgsg or 3 XVgsg ) Where the semi-ring has low
efficiency because of poor coupling, reduced effective interaction length and radiation from open
ends.

2. Experimental results

The disk employed is z-cut LiNbO; of radius R = 2.9 mm and thickness t = 0.720 mm. Optical coupling
(in/out) is achieved using a microprism and the maximum coupled power is 100 uW. The optical Q is
about 3x10 ¢ and Vg ~7.6 GHz (for TE WG modes). A copper ring electrode (R = 2.9mm, w = 0.5 mm) is
placed on top of the disk and is side coupled to a microstripline (see Fig.1).



Microring resonator

LiNbO; disk

Microprism
Laser input
st

Optical output

Fig. 1. Photograph of the experimental arrangement.

Fig.2 shows a 3D view of the simulated E-field distribution for even second-harmonic mode on the ring.
The arrows on the ring show the E-vector directions in each region. When the period of RF oscillation is

half the photon round trip time (fgr = 2XVpsg ) the optical field stays in phase with the RF-field.
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Fig. 2. 3D simulation of E-field distribution on a cut plane passing through middle of the disk when the even second-
harmonic of the ring is excited.
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Fig. 3. Measured signal to noise ratio (of amplified signal) as a function of input RF power at fundamental (fxz = 7.6 GHz) and
second-harmonic (fgr = 15.2 GHz) of the ring (the amplifiers have a again of 30dB and noise figure of 1.7 dB and
2.6 dB respectively). The inset shows S, spectrum when the even second harmonic of the ring (f=15.2 GHz)

is excited.

Fig. 3 is measured signal to noise ratio (S/N) at the fundamental (Vgsgr = 7.6 GHz) and the second-
harmonic (2XVesg = 15.2 GHz). At -56 dBm (=2.5 nW) RF power, frr = Vrsr = 7.6 GHz, the SNR is 13.5
dB which is close to the best sensitivity reported with a 150 pm thick disk and 200 pw coupled optical
power [3]. Reducing disk thickness and increasing optical power to these values will increase SNR by 18
dB.

4. Conclusion

By using a novel microring RF resonator in the design of a microdisk modulator, efficient modulation at
frr =2XVEsr and sensitivity improvement at fyr = Vgsg, is demonstrated Possibility of modulation at higher
harmonics (mxvgsg) pushes the carrier frequency to higher frequencies without facing the technical
problems associated with using very small diameter disks.
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Abstract: For the first time, we demonstrate use of a LiNbO; microdisk optical modulator to
transmit Mb/s data on an RF-carrier. Initial experimental results demonstrate high quality digital
data transmission up to 100 Mb/s.
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1. Introduction

Recently a new microphotonic receiver with direct electrical-to-optical conversion was proposed [1,2]. The receiver
uses a high-Q LiNbO; microdisk optical resonator that operates in simultaneous resonance with a RF microstrip
resonator, whose resonant frequency is tuned to the free spectral range (FSR) of the disk. Experimental results have
demonstrated efficient modulation at GHz frequencies [3,4].

In this paper, for the first time we present experimental results of Mb/s data transmission via an RF-link using
the microdisk as an optical modulator.

2. The experiment

The microdisk modulator is a z-cut LiNbOs disk-shaped optical resonator. The disk employed has a radius R =2.92
mm and a thickness t = 0.7 mm. Two microprisms couple laser light into and out of the microdisk. Optical input and
output are mechanically tuned to maximize the coupling to TE polarized (z-oriented) whispering-gallery modes
(WGM) inside the disk. All components are mounted on a planar structure to improve mechanical stability of the
system (Fig. 1). A half-ring metal electrode resonator side-coupled to a microstrip line is placed on the top of the
disk to provide a resonant RF electric field. The fundamental resonant frequency of the half-ring RF resonator is
tuned to match the optical FSR of the disk (7.6 GHz), so that simultaneous RF and optical resonance maximize the
electro-optic interaction. An RF synthesizer generates the RF carrier at 7.6 GHz. This signal is modulated by a non-
return to zero pseudo-random bit-stream (NRZ 2’-1 PRBS) using a RF mixer. The resulting RF signal is then
amplified and applied on the ring resonator to modulate the 194 THz (A = 1550 nm) optical carrier.

The receiver is a photo diode that converts the optical output from the disk to a RF signal. The output RF signal
is then amplified and mixed with the original RF carrier to demodulate the data. Finally the data goes to the
receiving port of a Bit Error Ratio (BER) tester.



+ RF half-ring resonator

LiNbO; disk
Lens

Optical output Laser input

Prism holders

Fig. 1. Photograph of the experimental arrangement showing lens focusing system, microprisms, microdisk, RF resonator and output fiber.

3. Results
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Fig. 2. Measured (10 Mb/s, 100 ns bit-period) phase-margin and eye-diagram for RF input power 11 dBm. Upper inset shows BER sensitivity to

input RF power, using NRZ 27 - | PRBS.




Fig. 2 shows the measured phase-margin of the output at 10 Mb/s (100 ns bit-period). The first inset is the measured
sensitivity of BER to applied RF power. The second inset is representative of the optical output eye-diagram
obtained for a 10 Mb/s NRZ 2’-1 PRBS. The optical output power for all of these measurements is between 14 to 18
UW. Fig. 3 shows eye-diagrams for 50 and 100 Mb/s data rates.

Output Data

Input Data

-

50 Mbit/s, 5 ns/div 100 Mbit/s, 5 ns/div
3.3 UW optical power, 0 dBm RF power 1.6 pW optical power, -2 dBm RF power

Fig.3. Measured optical eye diagrams for 50 and 100 Mb/s NRZ 27 — 1 PRBS.

4, Conclusion

High quality data transmission at Mb/s data rates over an RF-optical link using a new microdisk optical modulator
has been demonstrated. The modulator is able to efficiently modulate an optical carrier (A = 1550 nm) by a data
modulated RF carrier (f= 7.6 GHz).

5. References
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14.6 GHz LiNbO; microdisk photonic
self-homodyne RF receiver

M. Hossein-Zadeh and A. F. J. Levi
Department of Electrical Engineering

University of Southern California
Los Angeles, California, 90089-2533

Abstract

Nonlinear optical modulation combined with simultaneous photonic and RF
resonance in a LiNbO; microdisk modulator is used to create a self-homodyne photonic
RF receiver. Carrier and sidebands are mixed in the optical domain and the down-
converted signal is detected using a photodetector with a bandwidth matched to the
baseband signal. Receiver operation is demonstrated by demodulating up to 100 Mb/s
digital data from a 14.6 GHz carrier frequency without any high-speed electronic
components. A BER of 10? is measured for 10 Mb/s down-converted digital data at —15

dBm received RF power.
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Index Terms
Photonic RF-receiver, Self-homodyning, Nonlinear modulation,

LiNbO; microdisk modulator
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I. Introduction

Processing microwave and mm-wave signals in the optical domain has been the
subject of intensive research for the past few ye‘atrs [1-3]. Placing a RF signal on an
optical carrier enables a wide variety of photonic signal processing techniques and, at the
same time, avoids the use of lossy transmission lines and high-speed electronic devices.

One of the key operations in microwave communication is frequency mixing.
Several techniques have been proposed for RF mixing in the optical domain such as
nonlinear modulation in a Mach-Zehnder modulator [4] and nonlinear detection in a
photodiode [5]. Here we introduce a new photonic RF mixing technique that exploits
simultaneous RF and optical resonance in an electro-optic microdisk resonator. This is
used to realize a photonic RF receiver without any high-speed electronic components.

In a conventional super-heterodyne RF receiver architecture a local oscillator (LO)
and mixer are used to down-convert the signal to IF frequencies. Baseband information
is subsequently extracted from the IF signal in a detector/demodulator. Alternatively, in
a direct—conversion (homodyne) radio receiver, baseband information is obtained by
mixing the received signal and the LO without using an IF frequency [6]. In addition to
such approaches, self-heterodyne techniques have been proposed to reduce the number of
components as well as size, weight, and power consumption in high-carrier frequency
(mm-wave), short distance, applications [7]. In a self-heterodyne transmission system the
transmitter broadcasts a RF modulated signal and the local carrier so the IF signal can be
down-converted by mixing the received carrier and modulated signal in a nonlinear
device called a self-mixer. The receiver power consumption, phase noise, and

complexity are reduced as a result of eliminating the conventional LO and mixer.
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Although such an approach suffers from reduced power efficiency, it has been shown that
it can lower overall cost and complexity in mm-wave local area networks and indoor
wireless transmission systems.

Our photonic self-homodyne architecture combines direct-conversion, self-
heterodyning, and microdisk modulator technology, to directly extract baseband
information from the received signal by self-mixing of the transmitted carrier and the
sidebands in the optical domain. We show that the second-order nonlinearity in the
transfer function of a LiNbO; microdisk optical modulator when biased at its minimum
transmission point may be used to realize the self-mixing process. Receiver operation is
demonstrated experimentally by demodulating digital data from a 14.6 GHz RF carrier

frequency.

II. Self-homodyne photonic RF receiver

A photonic self-homodyne RF-receiver replaces the function of a single-ended diode
or FET mixer in a transmitted carrier wireless link with a sensitive optical modulator that
performs down-conversion in the optical domain. In this approach the nonlinear
dependence of the modulator’s transmitted optical power (P,) on applied RF voltage
(VrF) is the source of nonlinearity in the system. Fig. 1 illustrates the photonic self-
homodyne RF receiver architecture. The received RF signal contains both sidebands and
the center frequency (transmitted-carrier double-sideband modulation format) and is fed
to an optical modulator biased at its nonlinear operating point. The carrier and sidebands

are mixed through the second-order nonlinearity (P, o Vz>), hence the optical output
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intensity spectrum contains the baseband and high-frequency products around the second-
harmonic of the carrier frequency. A photoreceiver with a bandwidth matched to the
baseband signal generates the baseband photocurrent (i,) and automatically filters out the
high-frequency components. The bandwidth of all electronic circuitry used in the system
is no greater than that of the baseband signal.
The electro-optic transfer function of an optical intensity modulator P,{Vzr) can be
expanded around Vgr= 0 to give
P,=PO+ PO+ PP+ =N, + NV, +%V,§F +... 1)
Here, N; (i > 0) is the ith Taylor expansion coefficient of P,(Vrr) at Vrr =0 and Ny is the
transmitted optical power at Vzr= 0. At a fixed wavelength the magnitude of N; depends
on modulator properties and the chosen bias point. The first-order term in equation (1)
generates linear optical intensity modulation (P,e<Vzr) while other terms contribute
nonlinear frequency components. Usually, such nonlinearities are minimized in
conventional direct detection (DD) optical communication links. If the RF voltage
amplitude is small enough and the modulator is biased at its extreme transmission point
(where dP,/dVgr = 0) the second-order term P,,(Z) dominates the behavior of the
modulator and the transmitted optical power (P,;) dependence on voltage around Vg =0

will be similar to an ideal square-law mixer with
B, =N+ 2275 @
If the baseband is a pure sinusoidal signal, the received RF voltage can be written as:

Ver =V, (1+mcos(@,))cos(@yyt) (3)
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where m is the RF modulation index, ), is the baseband frequency and wgr =271tfzr is the

RF carrier frequency. The second-order term can be written as

N N
PP = 72 XV2. = 72 V2 (1 +mcos(@,?))’ cos® (wget) )

Expanding the right-hand-side of (4) one obtains a DC term equal to (N, Vol la)(1+ m?/2),

high-frequency components centered around 2mgr given by

N Yy (A +m*/2)cos(2w,pt) + (m* 1 4)cos® (2m,t) cos( 2@y 1) + m cos( @, 1) coS(2 W 1))
)
and the two down-converted low-frequency terms at @, and 2w, are given by
M cos(Qw,t) + NZTVOZ mcos(w,t) (6)
The total second-order modulated optical power is
P2 =(1+m’+ 2m)% vy (7

which is just the maximum amplitude in (4). The efficiency of this down-conversion
process may be defined as the ratio between the amplitude of the optical power

modulated at @, and Po'm(z)_

This efficiency is limited by the generation of undesired
frequency components at 2, 20grt 205, and 2mgrt 5 as well as the DC component.
The linearity of the down-conversion is also an important parameter in receiver operation
and is defined as the ratio of optical power modulated at ®, and 2w,. Here we assume
that the strength of the second-order nonlinearity dominates higher order terms in (1) so

the generation of higher harmonics of the baseband (3, 4, etc.) can be ignored. The

down-conversion efficiency and its linearity are determined by the RF modulation index

(m).
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In Fig. 2 the down-conversion efficiency (a) and second-harmonic suppression ratio
(b) are calculated against m. The second-harmonic baseband term (2w;) can be
suppressed relative to the baseband (ws) by employing a transmitted carrier RF
modulation format (m < 2) and the down-conversion efficiency reaches its maximum
value of 25% around m = 1. By choosing m = 0.8 an efficiency of about 25% and
second-harmonic suppression of 7 dB optical (14 dB electrical, P,oc ipzocPo,(Z)) can be
achieved. The sensitivity of a photonic RF receiver strongly depends on the magnitude
of the second-order nonlinearity (N,) in (1) and so is determined by the modulator
sensitivity and the transfer function P, Given that most wireless links only require a
limited bandwidth around a high frequency carrier, a microdisk resonant optical
modulator [8] is a suitable choice for this application since it has a large N coefficient
when biased at a maximum or minimum optical transmission of a high-Q whispering

gallery (WG) resonance.

II1.LiNbO; microdisk modulator
A. Optical resonator
The optical resonator is a z-cut LiNbO; microdisk that supports high QO 2 10°
traveling-wave WG resonances. A microprism is used to evanescently couple optical
power into and out of the microdisk. Fig. 3(a) illustrates single and double prism optical
coupling. In the single prism coupling method, one prism is used to couple light into and
out of the microdisk so transmission dips at resonant wavelengths are generated as a

result of interference between the WG resonance and the output. In the double prism

M. Hossein-Zadeh and A. F. J. Levi page 7
“14.6 GHz LiNbO; microdisk photonic self-homodyne RF receiver”




coupling method dips are replaced by peaks. For optical mixing applications, single
prism coupling is preferred because at resonance (where N, is maximized) the noise
generated by DC optical power (Np) is minimized.

The optical transfer function of a single prism coupled microdisk modulator can be
calculated using a general relation for coupling between an optical microresonator and a
dielectric waveguide [11]. The transmitted optical power ratio (T = P,/P,,n) is written
as:

_a +|t|2 — 2alt|cos(7kD)
1+ a*|* - 2al| cos(#D) (®)

where D is the microdisk diameter, & is the wave vector of the WG optical resonance, a =
exp(-omD) is the inner circulation factor (o is the distributed internal loss factor) and ¢ is
the transmission coefficient. The optical coupling factor (k) may be expressed as (1 -
##%)2. It is important to notice that all these parameters except D are different for
different WG resonances. Each resonance has a Lorentzian shape with full-width-half-
maximum wavelength AArpy around its resonant wavelength A,.; and a loaded optical Q

= Ares/ AApwrm limited by x and . Loaded Q is estimated as [12]:

7’n, Dta
- eo 9
Q (1 - ta)}”res ( )

where n,, = 2.14 is the unperturbed extraordinary refractive index of LiNbOs;. The
resonant frequencies associated with each set of optical modes are equally spaced from
each other by the optical free spectral range of the micodisk resonator (Avgsg = ¢/Tt #e,D).
Fig. 3(b) shows the typical transmission spectrum of a LiNbO; microdisk with single
prism coupler. As may be seen, one resonance is critically coupled so the transmitted

optical power goes to zero on resonance. Critical coupling is equivalent to Ny = 0 (at
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Aaser = Ares) and is an ideal condition for self-homodyne photonic mixing because the DC
optical noise is limited by the DC component generated by the mixing process,
(N2Vo2/4)(1 + m?/2).
B. RF ring resonator

We use a metal ring RF resonator with the same diameter as the microdisk to control
the electric field in the LiNbO3;. The RF resonator is placed on top of the LiNbO;
microdisk and is side coupled to a microstripline that is used to feed electromagnetic
energy to the resonator. The fundamental RF resonant frequency (fzr) of the loaded
metal ring is designed to be equal to the optical free spectral range (Avgsz) [8,9]. Fig.
4(a) shows a photograph of the LiNbO; microdisk modulator with diameter D = 3 mm,
thickness /2 = 0.4 mm, and Avgsz = 14.6 GHz. Fig. 4(b) is a photograph of the modulator
arrangement showing the microdisk, the microprism, metal ring RF resonator, and the
microstripline. The RF coupling coefficient is tuned by adjusting the distance, g,
between the microring and the microstripline to maximize the E-field intensity at frr =
Avesg. The RF voltage amplitude seen by the optical mode is larger than the input
voltage amplitude by a factor of G, (the voltage gain factor) at resonance [10]. The ring
resonator provides a standing wave E-field along the full photon path length around the
disk and therefore may double the electro-optic interaction for each round trip compared
to a semi-ring resonator that was previously used in a microdisk modulator [8].
C. Linear and nonlinear modulation

Typically, a microdisk modulator has a very high sensitivity within a limited

bandwidth centered at frequencies equal to integral multiples of the Avgsz [8]. The high
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sensitivity of the modulator is a result of simultaneous RF and optical resonance.
Typically, the modulation bandwidth is limited by the optical Q. Using a microdisk
modulator with Avgse = 14.6 GHz (Fig. 4) we have measured a signal-to-noise ratio of 12
dB at —67 dBm RF input power (corresponding to a sensitivity of —80 dBm).
We can use (5) to estimate the modulated optical power at any RF input voltage (Vzr)
and optical input wavelength (Aj.ser) knowing the relation between Vgr and k:
)= 2m;e<VRF) _2aln,, : &1, (V)] 0

laser laser

Here, dn.(Vzr) is the electro-optically induced refractive index change given by

On,(Vep) =—n 'BEO'BS =XV (11)
where Bs ~ 0.5 is a correction factor that accounts for the sinusoidal spatial E-field
distribution around the ring when its fundamental mode is excited, Bzois an optical-
mode-electric-field overlap correction factor, r3; = 30.8x102 m/V is the linear electro-
optic coefficient of LiNbO; along the c-axis. By measuring the resonant wavelength shift
AApce (called DC shift) when 1 V is directly applied to the metal ring one may estimate
Beo.

In Fig. 5 the transmitted optical power (P,;) for the modulator shown in Fig. 4 is
simulated as a function of wavelength and input RF voltage amplitude. In our simulation
the modulator parameters are chosen to be representative of the experimental values with
Q = 3.5x10° (corresponding to o, = 0.0075 cm™ and 1 = 0.095), # = 400 pm, and G, = 6.
The optical input power is 50 UW and Ajer ~ 1550 nm. Fig. 5(a) shows P, as a function
of wavelength at 0 V and 1 V DC applied to the ring resonator. For this modulator, the

measured value of AApc = 0.13 pm/V corresponds to Bzo = 0.53. Fig. 5(b) shows P,

M. Hossein-Zadeh and A. F. J. Levi page 10
“14.6 GHz LiNbO; microdisk photonic self-homodyne RF receiver”



calculated as a function of input RF voltage (Vrr). The laser wavelength (M) is tuned
t0 Aes + (Ahpwmd4) where N; is maximized at Vzr = 0. This is the condition for
optimized linear optical intensity modulation using a microdisk modulator. The dashed
and dotted lines are generated as the first (V;) and second (V) Taylor coefficients in an
expansion of the optical transfer function (solid line). In Fig. 5(c) the laser wavelength is
tuned to an optical resonance of the microdisk (Ayes = Aiser) SO in the absence of an
external voltage (Vzr= 0) the transmitted optical power is minimized. At this bias point
N is zero and N, is maximized so the modulator is operating in the extreme nonlinear
regime. The sensitivity of the modulator can be quantified by a voltage amplitude Vi
that modulates half of the optical mode power (Pomod = Po,in - Pomin). Vem 1s determined
by the optical Q, 4, 133, and G,. If Vrr < 0.25Vmny (small signal operating regime) the
microdisk modulator is effectively operating as a square law optical intensity modulator
(N;~ 0, i > 2) as explained in section II. As may be seen in (6), the baseband modulated
optical power is equal to mN,¥,?/2. N is the critical parameter for down-cbnversion and
can be calculated using (5), (7) and (8) (MV: is directly proportional to Vs and optical
input power). Fig. 5(c) shows that Vs = 0.48 V and optical input power of 50 uW

results in N, = 0.037 mW/V>2.

IV. DOWN-CONVERSION IN MICRODISK MODULATOR

A. Single tone down-conversion
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In our initial experiments we use a single tone baseband signal to study the effect of
RF modulation index (m) and RF power on down-conversion efficiency and its linearity.
Fig. 6 is a schematic diagram of the experimental arrangement. The modulator uses a
400 um thick LiNbO; microdisk of 3 mm diameter and a free spectral range of Avgsg =
14.6 GHz. The laser source is a tunable single mode laser with 0.05 pm wavelength
resolution and a linewidth of less than 0.5 MHz. The laser wavelength is always tuned to
the minimum of the chosen transmission dip to maximize the second-order nonlinear
modulation strength (N,). The RF signal is a 10 MHz single tone baseband signal mixed
with a 14.6 GHz RF-carrier in a double-balanced RF-mixer. By DC-biasing the IF port
of the mixer we can control the modulation index (m) and magnitude of the transmitted
power at the carrier frequency. The RF signal is fed to the microdisk modulator through
a bandpass RF filter with 1 GHz bandwidth around 14.5 GHz, to make sure that all of the
nonlinear products generated in the RF components are filtered out. The optical output is
detected in an amplified photodetector with a bandwidth of 150 MHz and responsivity of
3 mV/uw.

Fig. 7(a) shows the variation of the down-converted optical power at 10 MHz as a
function of the modulation m and for three resonances with different quality factors. The
modulation index is tuned to the desired values by changing the DC bias applied to the
mixer. The total received RF power is about -15 dBm that corresponds to ¥, = 0.05 V
(3). The Vs is around 0.8 V for the optical resonance used, so Vy < 0.25 Vs
guarantees device operation in the small-signal regime (section III). As may be seen in

Fig. 7(a), down-conversion efficiency is maximized around m = 0.8, in very good
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agreement with the simulated curve for an ideal square law mixer (Fig. 2(a)). Also, as
anticipated, the amount of down-converted power increases as we increase the optical O
(a larger Q results in a larger Vs and therefore a larger N,). Fig. 7(b) shows the down-
converted optical power against the total RF input power when m = 0.8. The black
circles are the experimental data and the white circles and dashed line are the simulated
data. The inset shows the optical resonance selected for nonlinear modulation. The black
arrow indicates the location of the laser wavelength, A, The optical resonance has Q =
2.7x10° and a N, coefficient of 0.023 mW/VZ (Viuns= 0.7 V). The simulated data in Fig.
7(b) are calculated using mN,V,*/2 and knowing that the total average RF power of a
single tone modulated RF carrier (3) is given by Prr = Vo2 (1+m?/2)/100 (this can be
easily calculated by integrating the average power of the RF signal in (3)). To evaluate
the linearity of the down-conversion process we have measured the detected power at the
second and third harmonic of the baseband signal (20 MHz and 30 MHz respectively). In
a perfect square law modulator the third harmonic should be absent but the chosen optical
resonance doesn’t have an ideal symmetric shape and so generates odd harmonics. Fig.
7(c) shows the harmonic suppression ratio against m. As predicted (Fig. 2(b)) the
suppression ratio decreases when we increase m. At m = 0.8 the second-harmonic

suppression ratio is about 17 dB (electrical).

B. Down-conversion of digital data
We have simulated the signal flow in the photonic RF receiver to show the details of

the down-conversion process in both the frequency and time domain. Fig. 8(a) shows the
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modulated transfer function when the laser emission wavelength (Aj.) is centered at one
of the microdisk optical resonant wavelengths and the modulator is fed by the data
modulated RF carrier. Adgr is the amplitude of the resonant wavelength oscillation due
to the applied RF voltage (the oscillation amplitude is exaggerated to show the down-
conversion mechanism). In the simulation, the RF carrier frequency fzr = 10 GHz is
modulated by a 62.5 Mb/s non-return-to-zero (NRZ) data stream with a modulation index
of m = 0.8. Fig 8(b) shows the RF spectrum of the transmitted-carrier input signal and
the inset shows the original data stream in a 640 ns time interval. Fig 8(c) shows the
calculated spectrum of the optical output intensity. Nonlinear modulation generates the
baseband signal and high-frequency components around 20 GHz. The photodetector
bandwidth of 150 MHz (dashed line) filters out the high-frequency components and only
the baseband is converted to an electric signal. The inset shows the detected data stream
again in a 640 ns time interval.

For experimental demonstration of data transmission we use the arrangement in Fig. 6
but replace the signal generator with a NRZ pattern generator and the photodetector with
a digital photoreceiver. The photoreceiver has a -3 dB frequency bandwidth of 120 MHz
and a sensitivity of —=34.5 dBm. Fig. 9(a) shows the measured frequency spectrum of the
input RF signal and the down-converted signal after detection. The carrier frequency is
14.62 GHz and the baseband data is a 10 Mb/s NRZ 2’-1 pseudo-random bit stream
(PRBS). Fig. 9(b) shows the measured bit error ratio (BER) against the total RF input
power. The received RF power is defined as the measured RF power within 10 MHz

bandwidth centered around 14.6 GHz. The left inset shows the spectrum of the optical
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resonance with O = 2x10°. The inset on the right shows the input and down-converted
data in the time domain. In Fig. 9(c) the measured eye diagrams at 10 Mb/s, 50 Mb/s and
100 Mb/s at —15 dBm received RF power are shown. In this particular case the
maximum data rate is limited by the optical Q to approximately 100 Mb/s.

We note that the detected down-converted signal can be increased by reducing the
disk thickness (%) and employing a high-Q RF ring resonator (both these factors lead to a
larger N, coefficient). We can also reduce the signal-to-noise in the photonic receiver by
employing a bandpass optical filter after the microdisk modulator. A filter with a
bandwidth less than 4fzr can eliminate high frequency optical components around 2fzr
given by (5) and therefore reduce the noise generated by the optical power at these
frequencies in the slow-speed photoreceiver.

The microdisk modulator and the photonic self-homodyne architecture have the
potential to be incorporated into a photonic integrated circuit by using alternative electo-
optic materials (such as polymers and compound semiconductors). Reducing the disk
diameter will extend the carrier frequency into mm-wave regime so that this receiver

architecture has potential to be used in future indoor mm-wave wireless systems.

V. CONCLUSION
A novel self-homodyne photonic RF receiver based on a microdisk modulator has

been described. Down-conversion occurs in the optical domain through nonlinear
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modulation, thereby eliminating the need for an RF local oscillator and mixer.
Experimental verification of the receiver architecture has been achieved by measuring
BER and eye-diagrams using signals down-converted from a NRZ digital data modulated

transmitted carrier RF signal with fzr = 14.6 GHz carrier frequency.
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