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Abstract: In this paper, we propose and experimentally demonstrate a
novel wideband on-chip photonic modulation transformer for phase-
modulated microwave photonic links. The proposed device is able to
transform phase-modulated optical signals into intensity-modulated
versions (or vice versa) with nearly zero conversion of laser phase noise to
intensity noise. It is constructed using waveguide-based ring resonators,
which features simple architecture, stable operation, and easy
reconfigurability. Beyond the stand-alone functionality, the proposed device
can also be integrated with other functional building blocks of photonic
integrated circuits (PICs) to create on-chip complex microwave photonic
signal processors. As an application example, a PIC consisting of two such
modulation transformers and a notch filter has been designed and realized
in TriPleX™ waveguide technology. The realized device uses a 2 x 2
splitting circuit and 3 ring resonators with a free spectral range of 25 GHz,
which are all equipped with continuous tuning elements. The device can
perform phase-to-intensity modulation transform and carrier suppression
simultaneously, which enables high-performance phase-modulated
microwave photonics links (PM-MPLs). Associated with the bias-free and
low-complexity advantages of the phase modulators, a single-fiber-span
PM-MPL with a RF bandwidth of 12 GHz (3 dB-suppression band 6 to 18
GHz) has been demonstrated comprising the proposed PIC, where the
achieved spurious-free dynamic range performance is comparable to that of
Class-AB MPLs using low-biased Mach-Zehnder modulators.
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1. Introduction

Microwave/RF signal processing based on integrated microwave photonic (MWP) signal
processors has been evolving with remarkable pace in the past decade [1-3]. Beside the
common advantages of optical devices such as large instantaneous bandwidth, low loss and
power consumption, small size and weight, effective reduction on electromagnetic
interference, and system reconfigurability, the on-chip integration approach also features high
robustness and compactness, and large potentials of significant system cost reduction. This
superiority not only means that on-chip MWP signal processors have strong potentials for
large-scale proliferation and industrialization, but also promises that they will grow fast into a
strong market competitor for conventional microwave/RF electronics in the near future.
Driven by this goal, numerous on-chip MWP functionalities have been studied and
demonstrated in the recent years, where several salient works include photonic beamformer
[4, 5], spectrum filter [6, 7], integrator [8], differentiator [9], arbitrary waveform generator
[10], frequency discriminator [11, 12], UWB pulse shaper [13, 14], fractional Hilbert
transformer [15, 16], and tunable delay line [17-20].

Notably, most of those realized on-chip MWP functionalities incorporate the use of ring
resonators, a key and versatile device for integrated MWP signal processors. In this paper, we
present a novel ring resonator-based device, which is able to transform phase-modulated
(PM) optical signals into the intensity-modulated (IM) versions (or vice versa) with nearly
zero conversion of laser phase noise to intensity noise. This so-called modulation transformer
features simple architecture, stable operation, and easy reconfigurability. Beyond the stand-
alone functionality, the proposed device can also be integrated with other functional building
blocks of photonic integrated circuits (PICs) to create on-chip complex microwave photonic
signal processors. As an application example, a PIC consisting of two such modulator
transformers and a notch filter has been designed and realized in low-loss, high-index-
contrast TriPleX™ waveguide technology [21, 22]. The realized device uses a 2 x 2 splitting
circuit and 3 ring resonators with a free spectral range of 25 GHz, which are all equipped with
continuous tuning elements. The device can perform phase-to-intensity modulation transform
[23, 24] and carrier suppression [25, 26] simultaneously, which enables high-performance
phase-modulated microwave photonics links (PM-MPLs) [11, 12, 27, 28]. Associated with
the bias-free and low-complexity advantages of the phase modulators, a single-fiber-span
PM-MPL with a RF bandwidth of 12 GHz (3 dB-suppression band 6 to 18 GHz) has been
demonstrated comprising the proposed PIC, where the achieved spurious-free dynamic range
performance is comparable to that of Class-AB MPLs using low-biased Mach-Zehnder
modulators (MZMs) [29, 30].

This paper is organized as follows. Section II describes the device and system principles.
Section III copes with the device design and realization. The characterization of the realized
PIC and its application for PM-MPLs are presented in Section IV. The conclusions and
discussions are formulated at the end of the paper.

2. Device and system principles
2.1 PM-to-IM transform

The MZM-based intensity modulation and phase modulation are both inherent to the linear
optical phase variation induced by the amplitude variation of modulation electrical signals
[31]. The complex amplitudes of the quadrature-biased IM and PM signals can be expressed
in similar forms [24, 26], where the frequency-component breakdowns can be given by
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where Ej, is the amplitude of the input CW light, L is the optical loss of the modulator, J, is
the n'"-order Bessel function of the first kind, m denotes the modulation index which is related
to the RF signal amplitude Agr and modulator RF halfwave voltage V; by myzv = Are/ 2Vi
mzm and mpy = Are/Vypm. Since the phase of the modulation signal ¢rr does not have impact
on the amplitude of the modulated signals, we assume ¢gr = @ for Eq. (1) and ¢rr = n/2 for
Eq. (2) for the sake of easy comparison. Then, using a small signal assumption where the 3rd-
and higher-order modulation sidebands are negligible, Eq. (1) and Eq. (2) can be respectively
reduced to

EMZM-Q () = Mg [J o (M) + T (M0 ) €XP(327f t) — T (M50 ) €XP(—J270f ) 3)
=J, (M) €XP(J212f ) — J -, (Mg ) €XP(— 2721 158)]

Epi () = Moy [J o (mpyy) = T (M) €xp(j27tf i) — Ty (Mg ) €Xp(—j27f )
+J, (M, ) eXp(j202f xpt) + J _, (M) €Xp(—j212f 1 iit)]

where vz = Eim </L/2 and npy = Ey /L . Comparing Eq. (3) and Eq. (4), it is
straightforward to see that the two modulation types are in nature only different in the signs of
their sidebands relative to the carrier. For example, the IM signal in Eq. (3) has + J; for the
Ist-order upper sideband, while the PM signal in Eq. (4) has —J;. This means that the PM can
be transformed to IM (or vice versa) if the signs of the sidebands relative to the carrier can be
manipulated. In principle, this manipulation can be implemented using an optical filter which
features a unity magnitude response and a phase response as illustrated in Fig. 1. Moreover, it
is also shown in Fig. 1 that the RF phase of the transformed signal can be manipulated to two
anti-phase statuses by frequency-aligning the filter phase response to the optical signal
spectrum differently (see Case 1 and Case 2 for instance).

“
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Fig. 1. Phase-domain illustration of modulation transform between PM and IM by means of
sideband phase manipulation.

2.2 Frequency responses of one-coupler ring resonators

To implement the desired filter response in Fig. 1, one interesting way is to use one-coupler
ring resonators (RRs). A schematic of a waveguide-based RR is depicted in the inset of Fig.
2(a), which is constructed using a 2 x 2 power coupler with one arm incorporated in a closed
loop. The transfer function and the derived frequency responses of a RR, namely power and
phase responses, can be respectively expressed by

V1= —fre /"
1= Jr(1-K)e /"

Hyy v)= )

—Kk+r—2r(l1—x)cos(v+86)
1+ \/1 K —2Jr(1-x) cos(v + )

Jrsin(v +6) }_ e tan{ Jr(1=x) sin(v +6)

|He V)] = (©)

W (V) =arctan

V1=K =Jr cos(v +6) —Jr(1=K) cos(v + 6)

where v = 2nf/Afgsg is the angular frequency normalized to the free spectral range (FSR),
Mfrsr, of the RR, x is the power coupler coupling coefficient, 6 represents an additional
roundtrip optical phase shift of the ring loop, and r is the roundtrip power transmission
coefficient. In practice, x and & can be implemented as tuning elements, where x determines
the shape of the frequency responses, and 8 controls the response frequency shift [22].
Ideally, a lossless RR (» = 1) is a 1st-order all-pass filter characterized by a unity magnitude
response [32]. However, the waveguide propagation loss induces power transmission notches
at the resonance frequencies of the RR. This device property is depicted in Fig. 2(a), where
the notch depth can be varied by changing «. In Fig. 2(b), the phase responses of the RR for
different x are depicted. Evidently, the desired phase jump of @ as shown in Fig. 1 can be
approximated by setting x to 0.87 [16]. Moreover, it is demonstrated in Fig. 2(c) that the
frequency shift of the RR responses can be achieved by varying 8. For simplicity, we assume
that the optical signal has its carrier aligned to a resonance frequency of the RR with the
status & = 0. Then, using the tuning properties of the device, two phase response
configurations which implement Case 1 and Case2 of Fig. 1 can be achieved. An illustration
of this is shown in Fig. 2(d). Compared to the ideal abrupt n-phase jumps in the desired phase
responses, the RR introduces phase errors due to the intrinsic phase transition shape of the
device. Consequently, this will have impact on the 3 dB-suppression bandwidth of the device.
A further discussion on bandwidth is given in Section 2.4.

#196953 - $15.00 USD Received 3 Sep 2013; revised 7 Oct 2013; accepted 10 Oct 2013; published 23 Oct 2013
(C) 2013 OSA 4 November 2013 | Vol. 21, No. 22 | DOI:10.1364/0OE.21.025999 | OPTICS EXPRESS 26003



o s
. B
= x
2 s
8 3
IS S
g 4] power Golpler g
1 £ _
-5 T - -2 T T r \
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
Normalized frequency v (x 27 ) Normalized frequency v (x 27 )
34 34
—0=0 —RR
2 24 ey g n ----Desired
&S i & 14 8=n/2
3 ? k=10.87
c =
S g 01 6=-a2 T (Case 1)
2 8 4] k=087 ¥
% N o : (Case 2) optical carrier
[ [Rr &
< T = LSB ] USB
o . o
3 e R0 e | S
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
Normalized frequency v (x 21 ) Normalized frequency v (x 21)

Fig. 2. (a) a schematic of a RR and the simulated power transmissions; (b) simulated phase
responses of the RR and the corresponding phase-jump approximations; (c) a demonstration of
frequency shift by varing #; (d) an illustration of two phase response configurations to
implement Case 1 and Case 2 of Fig. 1.

2.3 System architecture for PM-MPLs

As an application example, the proposed modulation transformer is used to enable a PM-
MPL. The simplest system architecture is depicted in Fig. 3(a), where the RR performs the
modulation transformer functionality as in either Case 1 or Case 2 in Fig. 1. For this system
architecture, it is straightforward to understand that the detector output contains not only the
desired RF signal but also the baseband and higher-order components as distortions, resulting
from the nonlinear natures of the phase modulation and the square-law property of
photodiodes [4]. To improve the system performance, the architecture depicted in Fig. 3(b)
can be used, which incorporates a more advanced design of PIC and a balanced
photodetector. In the PIC, a 3-dB coupler split the optical signal into two equal portions,
which are sent through two individual RRs in a parallel manner. As indicated in Fig. 3(b), the
upper RR and lower RR are used to perform the modulation transforms of Case 1 and Case 2
in Fig. 1, respectively. Consequently, two versions of IM signals with opposite RF phases are
produced at the two outputs of the PIC, which facilitate the balanced photodetector to cancel
out the DC and even-order components in its output [4]. Note that the output signal pair of the
PIC conforms to that of a dual-output MZM [33, 34]. Therefore, the well-known MZM-based
MPL performance facts also apply to this case. Furthermore, owing to the use of the same
PIC building blocks, a RR-based reconfigurable notch filter can be added before the 3-dB
coupler to create a system architecture as shown in Fig. 3(c), which we propose as a novel
implementation of a PM-MPL. The added notch filter can be used to perform the carrier
suppression technique, which allows an extra link gain of 1/y given a constant average
photocurrent Inc (per photodiode) and y indicates the carrier suppression ratio determined by
the notch depth [25, 26]. In fact, this system architecture renders the proposed PM-MPL an
analogy to a Class-AB MPL using a pair of low-biased MZMs [29, 30].
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Fig. 3. (a-c) system architectures and the phase-domain signal spectrum schematics of the
proposed PM-MPL using RR-based modulation transformers and notch filter.

2.4 Link performance analysis
2.4.1 Bandwidth

Assuming that the RF bandwidth of the PM-MPL is dictated by the proposed modulation
transformer (the remainder optical and electrical components have infinite bandwidth), then
using the system principle and optical transfer function of the RR in Eq. (5), the equivalent
RF transfer function of the RR-based modulation transformer (MT) can be calculated by

Heyp(Vep) =Ty +T,
1 MT * MT 1 MT * MT (8)
:E[HRR (—AV) Hyy (Vgp —Av)]+5[—HRR (—Vre —AV) Hyp (FAV)]

where /7y and /7 indicate the beat product contributions from the upper and lower optical
sidebands, respectively, vpr = 2nAfre/Afrsr 1S the normalized RF frequency, and Av =
2nAfIAfrsk = |6] denotes the normalized frequency spacing between RR resonance and the
optical carrier (for example, Av = |d] = @/2 in Fig. 2(b)). Figure 4(a) depicts the shape of the
RF power transmission |Hgg|* in a RF frequency range equal to the FSR of the RR. The
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resulting 3 dB-suppression bandwidths and the maximum RF passband transmissions for
different values of Av are depicted in Fig. 4(b). In these simulations, the RR frequency
responses for ¥ = 0.87 are considered as depicted in Fig. 2. To give a numerical example,
when Av = 0.4n and r = 0.96 (—0.17 dB), the resulting 3-dB bandwidth and maximum RF
transmission are 0.5Afrsg and —0.5 dB, respectively, as shown in Fig. 4(b).
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Fig. 4. (a) simulated equivalent RF power transmissions of the RR-based modulation
transformer for different values of Av, where x = 0.87 and » = 1 are considered, (b) the 3-dB
RF bandwidth and maximum passband transmission versus Av.

2.4.2 Gain and noise

As mentioned in Section 2.3, the proposed PM-MPL performs as an analogy of a Class-AB
MPL using a pair of low-biased MZMs. Therefore, similar gain and noise expressions can be
used [27-30], which are given in Table 1. Moreover, unlike the PM-MPLs using frequency
discriminators [12], the proposed PM-MPL can operate with nearly zero conversion of the
laser phase noise to intensity noise. This feature can be achieved by means of setting Av such
that the RR-based modulation transformers have nearly zero slope of the power transmission
at the optical carrier frequency, or in other words, the optical carrier should be positioned in
the “flat-band” in Fig. 2(a). An experimental verification of this is given in Section 4.2.

2.4.3 Nonlinearity

In principle, the proposed PM-MPL is free of even-order intermodulation distortions (IMDs),
owing to the system scheme using a balanced photodetector [4]. For the 3rd-order IMD, the
spur in the RF output is generated from the same mechanism as for MZM-MPLs. However, in
this case, the RRs in the optical paths will introduce an additional modification to the optical
signal spectrum, which will lead to changes in the system linearity performance. To
determine these changes, the following derivations can be used. Suppose two-tone
transmission with RF frequencies frr; and frrz (frr2 > frr1), then the complex signal amplitude
after serially passing through the notch filter (NOF) and a modulator transformer (MT) as
depicted in Fig. 3(c) can be expressed by

Eout (t)

N2L . .
5 exp[—jmgp, COS(2Mf e t) = Mgy COSQMf it + P)]® Iy (1) ® by (2)
V2L &S & e .
2 z Z J’ qu (mRF])Jq (Mg, ) exXpl27(pf wry + @frr )1 )
p=—o0 g=—c

+igplHy (v, VHy (v, —AV)

:Ein

=Ein

NeYR
=E, TZFM

pq
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where ¢ is an initial phase difference between the two RF tones, and v,, = 2n(pfrei +
qfrr2)/Afesk 1s the normalized RF frequency. The beating between any two optical
components in Eq. (9) leads to the generation of different orders of electrical harmonics and
IMD products [24], where a photocurrent component with a frequency of #nfgr1 + nyfrr, can
be expressed by

|in

2

2
Re {Z 1—‘p+n| Sq+n, 1—‘p,q } = A : Re {Z 1—‘p+n| Sq+n, 1—‘p,q } ( 1 0)

p-q pq

[n, Jy (t) = rPD

where rpp denotes the responsivity of the detector and Re{.} indicates the real part of the
complex signal. For the sake of simplicity, we assume that myg, = mpg, = m and a small signal
approximation is applicable where only I',,’s with frequencies < 2fzp, are considered for
contributions in Eq. (10). Then, the amplitudes of the RF fundamental and IMD3 components
can be described as functions of the modulation index m, where the 3rd-order input
interception point (IIP3) of the proposed PM-MPL can be determined (derivations are given
in Appendix). Then, by comparing the resulting [IP3py g to that of an MZM-MPL with the
same modulation index IIP3yzy;, the impact of the RRs (the notch filter and the modulation
transformer) on the system linearity can be quantified. For calculation easiness, we define this
impact as relative IIP3 (RIP3), namely RIP3ppy.rr = IP3pprr/IIP3pmzym or (RIP3ppvirr)as =
(ITP3pprr)daBm — (IIP3Mzm)dem- An example of RIP3pyrr calculation is depicted in Fig. 5,
where device parameters x = 0.87, r = 0.96, and Av = 0.4x are considered.

159 Mo = Mhyzm
=1 (skip notch filter)
12+ ---z=063 !

Relative 1IP3 (dB)
[o)]
1

34

04

3 A ; ; A ,
0.0 02 04 0.6 08 10

Normalized RF frequency v (x 27)

Fig. 5. Calculated RIP3pyrr as a function of the normalized RF frequency, where device
parameters k = 0.87, r = 0.96, and Av = 0.4z are considered.

2.4.4 Spurious-free dynamic range (SFDR)

The proposed PM-MPL should have an infinite IMD2-SFDR because of the even-order
cancellation of the balanced photodetector. For the IMD3-SFDR, a comparison between the
proposed PM-MPL and MZM-MPLs is shown in Table 1. Evidently, under the condition of
equal average photocurrent Ipc, the PM-to-IM approach using ideal modulation transformer
responses will provide the same IMD3-SFDR as an MPL using quadrature-biased dual-output
MZM. However, a SFDR improvement can be achieved by means of the carrier suppression
technique implemented using a notch filter, which is analogous to the approach with low-
biased MZMs. To give a numerical example, suppose that the proposed PM-MPL operates
with frr = 10 GHz, Afgsp.rr = 25 GHz, Av=0.4n, y = 0.1, = 0.96, Ipc = 12 mA, and R, = 50
Q, then one can calculate |HRF(/’RF)|2 = —0.5 dB, RIP3pyrr = 3 dB, and IMD3-SFDR =
2/3[OIP3gpm—(Sshot/4)apmm=] = 2/3[27.1 dBm—(~163.2 dBm/Hz)] = 126.9 dB.HZz** for the
shot noise-limited scenario.
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Table 1. Link performance metrics

Link type DO MZM Class-AB MZM PM-to-IM PM-to-IM
(Q-biased) (Low-biased) (Ideal MT) (RR)
Ipc per
plilcotodiode Tonlin ZDf" Tenin Z f" (1—-cosd,) —rPD;Z"Z —rPDZ}}Z
Link gain (n',RL]DC )2 [ R, I, sing, P i(anLIDC % [l(anL[DC Y IH?
RF
I/niMZM VLMZM (1 —Cos ¢b) 4 V;LPM X VnﬁPM
11P3
4 VnMZM2 4 V;zMZMz 4 VnPMZ 4 VnPM2
_(—=MZM (MM — (= —(——)"RIP3
RL( " ) RL( - ) RL(Zn) RL(Zn) PMRR
Oo1P3 2 .
4IDC RL 4(M)2 R, i IDCZRL i ]DCZRLHIZG RIP3PM-RR
1—cos ¢, X

Link output Shoise = Sth T 1/4(Ssnot T Srinv) (impedance-matched case)
noise power
spectrum Sin=(1+ GindksT

density
Sehot = 2qIpcRL

Skix = RINsys(Ipc)°Ry

IMD3-SFDR  SFDR = 2/3(OIP34gm — Snoise_apmitiz) = 2/3(IIP3dpm + Glink dBm — Shoise_dBmiz)

Suppose constant Ipc for all link type, then

2
2 sin
SFDRMZMiAB = SFDRMZMiDO +§[[—¢BJ lis

1—cos g,
~ 21
SFDRPMJD - SFDRMZMiDO +_[_]dB
3 x
2 HZ.RIP3,, v
SFDRPMiRR = SFDRMZMﬁDO +=[ 1
3 X
Pi,: optical power at modulator input kg: boltzmann constant,
Ry load resistance q: electron charge
@s: bias angle (g o = 1/2) RIN: relative intensity noise of the system

3. Device realization

For the purpose of proof-of-concept, a PIC consisting of a 2 x 2 coupler and 3 RRs of a FSR
of 25 GHz is used, which is a part of a complex MWP signal processor chip realized in
TriPleX™ waveguide technology, a proprietary technology of LioniX B.V [21, 22]. The
device footprint measures approximately 8 mm x 1 mm. Figure 6 depicts the device mask
layout, where the standard TriPleX™ building blocks are used [17]. In this device, the
couplers are implemented using Mach-Zechder interferometers, and the tunability of the
device parameters (x’s and 6’s) is realized by means of the thermo-optical effect of the
waveguide, for which resistor-based heaters are placed on top of the designated waveguide
sections. To achieve the full tuning ranges of ¥ = [0, 1] and 6 = [0, 2], heater driving powers
of 0.3 W and 0.6 W are required, respectively. These heaters allow for a tuning speed of 2
KHz. Their temperature changing range during operation is on the negligible level regarding
its impact on the waveguide propagation loss which measures to be 0.2 dB/cm in this device.
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For the full operation of the designed functionalities, the chip is fiber-pigtailed and mounted
on a custom-designed printed circuit board, where the electrical connections to the chip are
established by means of wire bonding. Moreover, the chip temperature stabilization is
implemented using a peltier element-based cooling system attached to the bottom side of the
chip. For the simultaneous control of multiple heaters, a computer-monitored 12-bit multi-
channel voltage supplier is used, a dedicated control system developed by SATRAX B.V..

Notch filter PM-IM “+”

In1 2
In2

Power
coupler pM-IM “-”

i R, 1 - 2 b 3 __Joutt :
e @ ’ -~ Resistor-based heater 4 yont L=
Waveguide
8 mm

Fig. 6. (a) schematic and (b) mask layout of the proposed modulation transformer PIC, which
is part of a complex MWP signal processor chip realizaed in TriPleX™ waveguide technology;
(c) a photo of the packaged chip with full optical and electrical connections.

4. Experimental verification
4.1 Measurement setup

The experimental setups depicted in Fig. 7(a) and Fig. 7(b) were established to characterize
the PIC and the link performance, respectively. The used major components and equipment
include a CW laser (EM4-253-80-057) driven by a low-noise current controller (ILX
Lightwave LDX-3620), a Mach-Zehnder intensity modulator (Avanex PowerLog FA-20), a
phase modulator (EO space PM-5K5-10), a RF balanced detector (Discovery semiconductor
DSC710), two RF generators (Agilent PSG Vector signal generator E8267D), a RF vector
network analyzer (Agilent NAS230A PNA-L), and a RF spectrum analyzer (Agilent N9020A
MXA Signal Analyzer).

synchronization
current|” * RF network current| | RF 1[|RF 2 RF Spectrum
control control I—'—‘ I—'_l A

: RF out analyzer RF in - analyzer
. x '
1
-1

A
1
1
-

1
; utl : v outl
v ey Al ey | == i’ PMF PMF = i_
cw out2! balanced Ccw out2' balanced

laser @ chip detector laser @) chip detector
optical — — —electrical optical — — —electrical

Fig. 7. (a) measurement setup for the characterizations of the PIC, (b) measurement setup for
the characterization of link performance.

4.2 Measurement results
4.2.1 RR frequency responses

To achieve the desired frequency responses of the RRs, the measurement setup in Fig. 7(a)
was used, where the phase-shift method is applied to determine the optical magnitude and
phase responses from electrical S,; measurements [22]. In our case, an optical carrier
modulated by a 50 MHz RF signal is frequency-swept through a full FSR of the device. In
order to measure each RR independently, the device was reconfigured such that only one
target RR is in operation between the input and output, while the other RRs are either
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bypassed or decoupled from the bus waveguide (by means of setting x = 0, namely zero
portion of the light is coupled between the bus waveguide and the RR). Then, the S;;
measurements based on the detected RF signal can be mathematically converted to their
optical versions, since RF power transmission varies quadratically to the optical one, and RF
phase shift varies linearly to the optical group delay which is the 1st-order derivative of the
optical phase shift [22]. With respect to the device FSR of 25 GHz, a RF frequency of 50
MHz was chosen in order to achieve satisfying measurement resolution and accuracy
simultaneously. Figure 8 depicts the measurement results, where the achieved RR frequency
responses for the modulation transformer functionality is presented in Fig. 8(a), and the
relative positions of the resonance frequencies (transmission dips or group delay peaks) of the
three RRs are demonstrated in Fig. 8(b).

r270

F-90

Relative group delay (

44
(2 Afpop= 25 GHz

-5 T T T -270
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Fig. 8. (a) frequency response of the RRs optimized for the modulation transformer
functionality, (b) demonstration of the relative positions of the resonance frequencies
(transmission dips or group delay peaks) of the three RRs in the PIC.

4.2.2 Device RF functionalities

Using the RR frequency responses as shown in Fig. 8, a CW optical carrier with phase
modulation of a RF frequency sweeping from 10 MHz to 20 GHz was sent through the PIC,
where the optical carrier frequency is aligned to the notch point and the two RR-based
modulation transformers are frequency-shifted such that the frequency spacing between the
RR resonances and the optical carrier satisfies Afcn = Afcna = Af as shown in Fig. 8(b). Then,
by performing S,; measurements, the device RF functionalities and bandwidth were verified.
In order to accurately characterize the PIC, a system calibration was first performed, which
eliminates the effects of the other optical and RF components in the measurement results.
Figure 9(a) verifies the system principle of the proposed PM-MPL by showing the detected
RF signals at the balanced photodetector output. Figure 9(b) demonstrates the RF bandwidth
dependency on Af'in comparison to the simulations, where a RF bandwidth of 12 GHz (3 dB-
suppression band 6 to 18 GHz) was measured for Af = 5 GHz (Av = 0.4w). Moreover, the
extra gain introduced by performing the carrier suppression technique is demonstrated in Fig.
9(c), where a constant average photocurrent /pc are maintained for the two measurements by
means of a tunable optical attenuator inserted before the phase modulator.
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Fig. 9. (a) detected RF signals at the output of the balanced photodetector; (b) demonstration of
RF bandwidth dependency on Af in comparison to the simulations; (c) demonstration of an
extra RF gain achieved by performing carrier suppression technique.

4.2.3 PM-MPL performance

For the link performance measurement, the setup depicted in Fig. 7(b) was used and the PIC
was configured as shown in Fig. 8(b) with Afchi = Afcwe = 5 GHz. Similarly, a system
calibration was first performed to eliminate the effects of the RF components connecting the
PM-MPL and measurement equipment. In the realized non-amplified PM-MPL, the phase
modulator has a V. py = 3.5 V and a constant average photocurrent is maintained at Ipc = 1
mA. This low Ipc lies in a total optical loss of approximately 17 dB in the setup, where the
PIC fiber-chip coupling loss amounts to 5 dB/facet (while 0.5 dB/facet is theoretically
achievable when the optimized waveguide tapers are used [22]). Figure 10 depicts the
measured two-tone (10 GHz + 25 MHz) transmission of the link, where the results agree with
the theoretical calculations and therefore prove the expected SFDR performance of the
proposed PM-MPL. In principle, the residual spur of IMD2 in the output can be further
reduced by optimizing the even-order cancellation of the balanced photodetector.

50 ,
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Fig. 10. Two-tone transmission measurements of the realized PM-PML with RF frequencies of
10 GHz + 25 MHz for two different system parameter settings (black and blue), in comparison
to a (red) theoretical calculation.

To verify the impact of the RRs on the system linearity, the RIP3pyrr of the realized PM-
MPL was measured for different RF frequencies. The results are depicted in Fig. 11(a), which
agree with the theoretical calculations.

Furthermore, to investigate the impact of the proposed modulation transformer on the
system noise. The system architecture in Fig. 3(a) was used with the RR configured to
perform the modulation transformer functionality. In the setup, a CW laser with a RIN of
—160 dB/Hz and a linewidth of IMHz was employed (EM4-253-80-057), which gives rise to
a significant conversion of laser phase noise to intensity noise for PM-MPLs using photonic
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frequency discriminators [12]. The measured output noise versus the average photocurrent /pc
is depicted in Fig. 11(b). For this measurement, an erbium-doped fiber amplifier was used
before the photodetector, which allows the optical intensity noise dominating in the output
noise. It is exhibited that there is no significant change in the output noise when the
modulation transformer PIC is replaced by an optical attenuator characterized by an equal
device insertion loss. This result provides the prove that the RR-based modulation
transformer allows nearly zero conversion of laser phase noise to intensity noise.
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Fig. 11. (a) measured RIP3pyrr Of the realized PM-MPL for different RF frequencies; (b)
optical intensity noise measurements regarding a RR-based modulation transformer and an
optical attenuator with equal insertion loss. In the setup, a laser with a RIN of —160 dB/Hz and
a linewidth of 1 MHz was employed, and an EDFA was used to boost the input optical power
at the detector.

5. Conclusions

In this paper, a novel RR-based modulation transformer is proposed and experimental
demonstrated, Using TriPleX"™ waveguide technology, a PIC consisting of two such
modulation transformers and a notch filter has been fabricated, which is constructed using a
2 x 2 splitting circuit and 3 RRs with a free spectral range of 25 GHz. The device features
simple architecture, stable operation, and easy reconfigurability. It is able to perform phase-
to-intensity modulation transform and carrier suppression functionalities simultaneously.
Based on the fabricated device, a PM-MPL has been realized, whose performance is
comparable to that of a Class-AB MPL using low-biased MZMs. In agreement with the
theory, the device demonstrates a 3-dB RF bandwidth of 12 GHz and allows nearly zero
conversion of laser phase noise to intensity noise. In principle, the realized PM-MPL is free
of IMD2. The IMD3-SFDR with fzr = 10 GHz measures to be 110 dB.HZ*? for the conditions
Vepm =3.5V, x=0.4, and Inc = | mA. Potentially, this can be improved to 126.9 dB.Hz** if
x=0.1 and Ipc = 12 mA are provided instead. Moreover, the building block-based PIC design
allows the proposed device to be integrated with more other functionalities on chip, which
facilitates the creation of complex microwave photonic signal processors.

Appendix

Assume that mrp; = mgr, = m and a small signal approximation where only I',,’s with
frequencies < 2fgp, are considered for contributions in the photocurrent described in Eq. (8),
then the amplitudes of the RF fundamental |/; o] and IMD3 components |/,_;|, for example, can
be described by
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(12)
The corresponding OIP3 and the IMD3-SFDR (impedance-matched case) can be given by
OIP3 = %Ilfg"d'(m)z for |15 (m)| = |13 (m)| (13)

SFDR =2/3(0IP3,,, =S, —1/4(S, + Sew ) (14)

dBm shot
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