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Abstract—Hybrid photonic-electronic circuits involving cross-
domain feedback signals are difficult to validate and troubleshoot.
This paper describes an approach to model and validate an
offset-cancellation loop for a hybrid transimpedance amplifier
(TIA) using all-electronic circuits. An equivalent electrical model
is developed for the tunable interferometer attenuators used for
offset trimming, and it includes test features to extract the system
performance. The stability analysis of the system shows 75° of
phase margin and 102 dB of gain margin. Measurement results
demonstrate good agreement with analysis and successful TIA
offset cancellation.

Index Terms—Hybrid photonic-electronic circuit, tran-
simpedance amplifier (TIA), offset-cancellation, stability analysis,
equivalent circuit modeling.

I. INTRODUCTION

Hybrid photonic-electronic circuits are widely adopted in
fibre-optic communication systems [1], [2], scientific imaging
instruments [3]-[6], light detection and ranging, biomedical
devices [7], [8], and quantum computing [9]-[16]. Other
hybrid designs are becoming increasingly common [17]-[23].
A common challenge with hybrid circuits is the difficulty in
modeling and validating the system due to the complexity
of the cross-domain interactions. For example, if a photonic
integrated circuit (PIC) passes an optical signal into a photo-
diode to be amplified on an electronic integrated circuit (EIC),
the testbench will require both optical and electronics test
setup involving dedicated hardware and instruments as well as
cross-domain expertise. This is further complicated if there is
feedback across the domains, i.e. a hybrid closed-loop system.
This multi-domain testing can present a large barrier to entry
and challenges in isolating system issues should they arise.
Therefore, it is desirable to be able to independently test and
characterize each PIC and EIC before their integration. This
relies on innovative ways to model and construct the cross-
domain circuit in a single domain (i.e. all-electronic) such
that the test setup captures the behavior of the hybrid system
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to offer the ability to understand, quantify, and troubleshoot
the circuit. This is especially relevant in hybrid, closed-loop
systems where the forward and feedback signals cross both
the optical and electronic domains.

Several recent publications have utilized integrated optics
and photonics, with varying approaches to testing and valida-
tion. The work in [10] consists of a custom transimpedance
amplifier (TTA) and PIC, but doesn’t present efforts to individ-
ually test each system. The characterization appears to make
some estimations regarding the performance of the electrical
system, which could lead to additional measurement error.
Similarly, in [9], no attempt was presented to characterize each
system individually. Instead, the work externally measures the
current from the PIC into the TIA during operation. This
would likely add a large capacitive load to the input of the
TIA, potentially complicating interpretation of the results.
Further, [9] implements a feedback loop from the EIC to
tune the PIC, however no stability analysis or individual
testing of this loop is described. The design in [11] uses an
unpackaged commercial TIA with a custom PIC, but there
is no individual TIA verification. Instead, the paper implies
reliance on the packaging parasitic values from a datasheet,
potentially leading to some measurement inaccuracy or even
system instability. In [12], their testing is able to measure the
performance of the EIC’s directly, but there is no attempt to
model the PIC.

In this paper, we describe an approach to model and validate
a hybrid photonic-electronic offset-cancellation circuit for a
transimpedance amplifier. Our proposed system models the
optical side with equivalent electrical components to create an
all-electronic feedback loop. The proposed technique enables
the stability analysis, eliminates the need for multi-domain
design (optical and electrical) of test equipment, is easily
implemented with generally available lab equipment and com-
ponents, and validates the closed-loop performance.

II. CIRCUIT DESIGN AND ANALYSIS

The hybrid photonic-electronic system (Fig. 1(a)) consists
of a PIC and an EIC to amplify optical signals for quantum
key distribution [24], [25] and it will be described in detail in
a future publication. Briefly, the output of the PIC consists of
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Fig. 1: (a) Schematic of hybrid photonic-electronic tran-
simpedance amplifier with offset cancellation. Optical waveg-
uides are drawn in blue. The PIC consists of a 2x2 MMI with
50:50 output. Each output is fed through an MZM and into a
photodiode. (b) Schematic of proposed all-electronic circuits
with PIC replaced with equivalent electrical components. .Sy
is implemented as a push button for convenience. Rpis > R,
to model realistic PIC mismatch.

two Mach-Zehnder Modulators (MZM), MZM; and MZM,,
which act to attenuate the optical signal. Each MZM is fed by
a differential signal, P,_ and P, respectively. The MZMs
drive two cross-coupled photodiodes, D; and D,, which are
designed so that, when balanced, the DC current generated
by them is subtracted off and the TIA amplifies only the
differential AC signal. However, the mismatch between the
two photodiodes and optical paths due to fabrication injects
a differential signal into the TIA, possibly saturating it. To
cancel this offset, the feedback system, H, measures the DC
voltage offset at the TIA output and tunes it out by changing
the bias voltages on the MZMs. By canceling the offset on
the PIC side, the dynamic range requirement for the TIA is
relaxed.

It is desirable to model the PIC electronically to be able
to characterize and troubleshoot the EIC and the closed-loop
system. This requires a mimic circuit (Fig. 1(b)) that can
perform the following functions: it needs to generate AC and
DC currents matching the responsivity of the photodiodes,
and it needs to respond to the control voltages by varying
the AC and DC current of each input channel independently.
We begin with a circuit to produce the input signals by

placing two voltage sources, Vi, and Vj,— (from an arbitrary
waveform generator), in series with large resistors, R,. The
input impedance of the TIA is given by R;/(1 + A,) [26].
With an ideal op amp the input impedance of the TIA would
be zero ohms and the input current would be set solely by the
voltage source and series resistance. In practice, the op amp
gain is finite and the input impedance is greater than zero.
To reduce this effect we choose R, to be several orders of
magnitude greater than the effective input impedance of the
TIA.

The feedback element needs to measure the feedback
voltage and decrease the input current correspondingly. To
do this we place an NMOS transistor (VN2016), (M; and
M), in series with R, and connect its gate to the control
voltage. Due to the DC biasing of this NMOS it acts like
a variable resistor, increasing Rys (resistance from drain to
source) as the gate voltage decreases. We add switch S7 and
resistor Ry to model the mismatch in the PIC. The EIC is
designed to accommodate a wide-range of mismatches. By
turning S; on (or off), we vary the equivalent resistance by
adding (or removing) Rpmis in parallel with R,. Toggling the
switch generates a step input to the circuit, allowing us to
check for the settling behavior and stability of the closed-
loop system. We can also observe the loop settling for various
pole frequencies by varying the capacitor C;, which models
the time delay produced by the MZM optical attenuators. The
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Fig. 2: (a) Block diagram of TIA offset cancellation loop
using all-electronic circuits. “X” indicates loop break point
for stability analysis. (b) Loop gain bode plot using typical
values.

offset-cancellation negative feedback loop works to null out
the offset at the output of the TIA. For stability analysis,
we break the loop between the TIA output and the offset-
sensing amplifier FCP which presents a high input impedance
(Fig. 2(a)). The transfer function of FCP can be modeled as
[27], [28]:

V:: pump 1 -1
FCP(s) = —— = Acomplep | $Ccp + 5 (1
out ch
We can observe that, with the PIC circuit model in place, the
output of the voltage generator is buffered by a common-drain
amplifier with a discrete capacitor load. The transfer function
for this is presented in (2).

Veont ImBarzm

BUF(s) = =
( ) ‘/c_pump SCIRMZ]W +ngMZM +1

2
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The NMOS variable resistor in triode is nonlinear in nature.
To complete our open-loop analysis we linearize the NMOS’s
response around three bias points, typical, worst, and best case.
We consider each in our stability analysis and measurement.
The NMOS operates in triode and turns a small change in
gate voltage, dV,, into a small change in the drain-to-source
resistance, dRj;. To linearize this function we observe that
increasing V;, decreases I2ys. By sweeping V,, and creating
a table of Rj,; values, we can generate a best-fit quadratic
function for the NMOS response. We linearize the best-fit
equation at selected voltages. From each we can extract the
slope at that point and call it —K, the linearized dRys/dV
response of the NMOS. We can express this in like fashion as
3):
dRwy
d‘/cont

We next analyze the effect a ARjs has on the input current,

Alrya, to the TIA. We begin our analysis by considering

both the initial (I, 774) and variable (Al 4) input currents.

We similarly consider the initial (R,_as) and variable (ARxs)

NMOS resistance. The input current can be expressed as (4):
Voutdc - Vvindc

I, + Al = 4
_TTA TIA T R Ry + Ry ar + ARy 4

VCR(s) = =K 3)

By use of the Binomial approximation and the assumption
ARy < R, + Ry + R, _nr, we can rewrite (4) as:

Voutdc - V;Lndc
Ro+ Ry + Ry m
ARy

x 11— 5
( Ro + R f + Ro_M ) ( )
The DC condition of the circuit consists of:

Voutdc - Vvindc
1, = 6
A T Ry + Ry + Rout ©

Ip ria+ Alpra =~

Applying this to (5) allows us to subtract the DC condition
on both sides, thus leaving only the AC response. Combining
terms and rewriting yields the transfer function:

AITIA Vtindc - V;)utdc

IDC(s) = ARy (Ro+ Ry + Rom)? )
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Fig. 3: Picture of physical test setup, packaged EIC, PCB
interface board, and breadboarded PIC circuit model.

The transfer function of the TIA can be modeled as a two-pole
system. The op amp is represented as a single-pole system with
a DC gain A, and a pole of w, [29]. A second pole is found at
the input of the TIA. Cj, is the capacitance on the input node.
The input resistance is given by the feedback resistance Ry
reduced by the gain of the op amp through the Miller effect
[30]. The transfer function is given as

Vout AQCL)O 2 Rme + 1/&]0
TIA — —_—
(s) = Irra Cin e RyCin/wo
(AO + 1)&10 -1
—_— 8
o ®)

Combining the transfer functions of all the above blocks

yields the overall open-loop transfer function:
Aol(s) =FCP x BUF x VCR x IDC x TIA

KAcompAOWO(dec - ‘/outdc)
o T Rf + R, M)

{ 4 CcpClRMZM>

CiR
3 ( cpngMZM + lA/[Z]W)

Rep
ngMZM R;Cin +1/wo
C.
P + Rme/wo
1 (Ao + 1)wo (Ao + Dwo ]
e (ch * Rfcin ) * ( Rfcin
)

The open-loop transfer function contains four poles, poten-
tially leading to instability. In our design, the two poles in
the TIA are 70 MHz and 500 MHz, the feedback pole is 2
kHz, and the pole introduced by the optical attenuators/PIC
circuit model is on the order of a few Hz. Therefore, due to
the much lower frequency of the dominant pole, the closed-
loop system is stable. The specific frequency depends on the
selected discrete load capacitor. With a selected C; of 1 mF
the dominant PIC circuit model pole frequency about 3.3 Hz.

Choosing typical values for the NMOS linearized resistance
and the PIC model load capacitor yields a phase margin of
75° and a gain margin of 102 dB. With worst-case values, the
phase margin drops to 60° and gain margin to 94 dB. Thus
we verify that the closed-loop performance will be stable over
a variety of operating conditions.

III. MEASUREMENT RESULTS

Fig. 3 shows our test setup with the packaged EIC, interface
PCB, and breadboarded circuit which models PIC. The input
signal was generated by an arbitrary waveform generator
(Digilent Analog Discovery 2). We verify the loop stability by
applying a step input (AR) with the switch S; (Fig. 1(b)) as
described earlier. We then break the feedback loop to observe
the response at Vo, by measuring its rise/fall time to check
against our analytical values for the dominant pole.
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Fig. 4: Settling time of feedback loop with three different load
capacitors Cj. (a) 3.3 Hz at 1 mF. (b) 1.6 Hz at 2 mF. (c)
0.85 Hz at 4 mF. The corner frequency f. is derived from the
10% to 90% rise time by calculating the RC time constant:
7 = At/In(9), which gives f. = 1/(27 x 7).
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Fig. 5: (a) Expanded view of TIA output data sync pulses. The
offset calibration point is where the offset is measured from by
the feedback circuit. (b) TIA output showing data sync pulses
and aligned DC levels. (c) Settled control voltages showing
approximately trapezoidal waveform from charge pumping. (d)
TIA output settling from step input resistance mismatch AR ;.
Data sync pulses are removed for clarity. Note: TIA output
noise is greater than typical likely due to environmental noise
sources, EMI.

Fig. 4 shows the rise time of the control voltages with three
different capacitive loads. C; values of 1 mF, 2 mF, and 4
mF, yield corner frequencies of 3.3 Hz, 1.6 Hz, and 0.85 Hz,
respectively. This matches the anticipated corner frequency

of the dominant pole as suggested by the open-loop transfer
function, validating our analysis.

Fig. 5 shows the closed-loop TIA outputs and feedback
control voltages. The feedback circuitry senses the offset at
some point ¢ us after the falling edge of the data sync pulse.
We can see the control voltage pump up or down at this time,
and then hold until the next data cycle. In its settled state the
control voltages will have a small trapezoidal waveform based
on the parameters of the feedback circuit. Fig. 5(d) shows
the loop settling given the step input. The step is applied by
activating the switch S; to reduce the series resistance of one
side of the differential input to the TIA. This induced mismatch
creates an offset at the output. It is quickly minimized as the
feedback loop restabilizes at a new control voltage level. We
conclude that the feedback loop has sufficiently high phase
and gain margin as we observe no oscillations or ringing in
the loop response as predicted by our analysis. The closed-
loop bandwidth is measured to be 78 Hz and is sufficient to
track offset drifts due to environmental changes which are slow
moving.

By modeling the range of the expected parameters from the
PIC, we have been able to verify the performance of the TIA
and offset-cancellation loop. With good agreement between the
theoretical and measured performance, we have validated the
use of an electrical circuit model for the PIC in preparation to
integrate the electronic and optical systems as a hybrid system.

TABLE I: Performance Summary

Typical Minimum
OL DC Gain 52 dB 49 dB
OL BW 348 32 Hz 0.81 Hz*
Phase Margin 75° 60°
Gain Margin 102 dB 94 dB
OL Settling Time 106 ms 410 ms
EIC Power 102 mW -
PIC Buffer Power 20 mW -
PCB Power 76 mW -
Technology 180 nm + Discrete -

*Lower f. possible with larger load capacitor.

IV. CONCLUSION

This paper presents a technique to model and validate an
offset-cancellation loop of a hybrid transimpedance amplifier
using all-electronic circuits. The equivalent electrical circuit
mimics the characteristics of the tunable interferometer at-
tenuators for offset trimming, and provides means to analyze
the dynamics and stability of the feedback loop. Due to the
modular nature of the discrete circuit, it is possible to validate
a wide range of PIC performance metrics. Further, the system
easily allows for iterative testing between fully-integrated and
all-electronic testing. If the PIC performs outside of expected
bounds, the EIC can still easily be tested and tuned in a con-
trolled environment to perform in these edge cases. The system
exhibits 75° of phase margin and 102 dB of gain margin with
typical conditions. Measurement results show good agreement
with analysis and successful TIA offset cancellation.
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