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Abstract— High-speed photodiodes stand out as potential
candidates to enable next-generation communication systems
working as mmWave/THz sources due to their intrinsic
broadband behaviour. Impedance matching is an essential task
in microwave engineering that enables an efficient delivery of
the power generated by the source (i.e. photodiode) to the load
(i.e. antenna). In this work, we analyse the impedance of a
generic uni-travelling carrier photodiode and its dependency
with frequency, bias voltage and other operational parameters.
In addition, we present some calculations and use cases,
highlighting the importance of properly matching this
impedance in an actual system.
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I. INTRODUCTION

The advent of next generation communication systems,
with increasing demands in terms of latency and data rates
(not only the ones delivered to end-users, but also backhaul
links in between the base stations), pushes the efforts to find
and develop new systems capable of complying with such
stringent demands. The most straightforward way to increase
the capacity (C) of a communication channel is to increase the
bandwidth available (B), following Shannon-Hartley’s
Theorem (Eq.1), where S/N is the Signal-to-Noise ratio of the
channel.

C = B-log,(1+5) (1)

In order to provide such larger bandwidth, higher
frequencies (above 60 GHz and up to 0.3 THz) offering
several GHz bandwidths, are requested. Within this context,
high-speed photonic detectors, such as photodiodes working
as photonic mixers (beating two optical wavelengths to
generate the difference-frequency at several tens or hundreds
of GHz) arise as highly suitable candidates, offering large
bandwidths with reasonable output powers at mmWave/THz
frequencies. In particular, Uni-Travelling Carrier Photodiodes
(UTC-PD) [1] stand out due to their modified structure, which
allows faster responses by avoiding the transportation of holes
inside the structure.

Different equivalent circuits have been proposed in the
past years for these devices, with some examples found in [2-
6]. Whereas they present different degrees of complexity, the
common elements in all of them are a series resistor a junction
capacitance, which means that a photodiode can be seen as a
source with a complex impedance. As a result, maximum
transfer of power (MTP) is only achieved when loading the
source with the corresponding conjugate impedance. This fact
did not received much attention in the literature until recently,
with some remarkable works addressing this issue [4-10]. On
the other hand, many authors would design and integrate their
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photodiodes with standard 50 Q lines or neglect the imaginary
part. The effect of not addressing the impedance matching
issue can be outlined simply by a rough calculation. Following
Eq.2, the magnitude reflection coefficient |I] at the interface
between the photodiode (with impedance Zpp) and a standard
transmission line (with impedance Zy=50 Q) can be obtained.

Zo—Zp
IT| =22 (2)

Zo+Zpp

Let us assume a sample value of Zpp=20 —j-30 Q. In this
example, (2) leads to a reflection coefficient of 0.557. The
power delivered (Pge) to the transmission line can be
calculated as (3), where Py would be the nominal power
produced by the PD. As a result, it is observed that about 31 %
of the power is being lost due to the impedance mismatch, for
this example.

Pdel=P0'(1_|F|2) (3)

Furthermore, the impedance of the photodiode is not a
constant value. It depends not only on the frequency, but also
on other parameters such as the bias voltage or the impinging
optical power. In this work, we perform a study be means of
simulation with the aim to predict these dependencies
accurately, in order to avoid losses due to impedance
mismatch when integrating UTC-PDs with other components
in communication systems.

II. SIMULATION AND RESULTS

A. Device setup and Equivalent circuit

To investigate the effect of optical power on the
impedance, simulations of a generic UTC-PD have been
carried out using TCAD Atlas. In order to provide realistic
charge carrier dynamics, the energy-balance model has been
implemented which includes non-local effects resulting into a
non-equilibrium or “overshoot” of electrons [12]. The layer
structure of the used UTC-PD is presented in table 1 showing
all relevant layers together with their doping concentration
and thicknesses.

TABLE I. LAYER STRUCTURE OF SIMULATED UTC-PD

Material Doping concentration Thickness
p*-InGaAs 2x10%° cm~3 50 nm
p*-InP 4x10*8 cm~3 500 nm
p*-InGaAsP 4x10*8 cm~3 20 nm
p*-InGaAs 2 - 0.2x10*% cm™3 50 nm
n.i.d.-InGaAs undoped 60 nm
n.i.d.-InGaAsP undoped 20 nm
n-InP 1x10% cm™3 150 nm
n*-InGaAsP 1.5x10'8 cm™3 350 nm
n*-InP 1x10%° cm—3 1 pm
S.1. InP-substrate undoped 100 pm
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Fig. 1. Equivalent circuit applied for the impedance calculations of the
UTC-PD

The UTC-PD has a surface area of 30 um? and shows a
responsivity of 0.63 A/W at a wavelength of 1.55 um. To
further simplify the particular behaviors of the individual
layers, a simple equivalent circuit has been used which is
oriented to previous works [5]. Here the chemical capacitance
C, and resistance R, refer to the InGaAs-absorber region
while the junction capacitance Cj and resistance R; refer to the
collector region where no carrier generation is taking place.
Furthermore, the series resistance Rs within the p- and n-
regions was estimated to be 6 Q with an estimated parallel
capacitance C, of 3 fF. The contribution of the contact
resistance R. was negligible in this simulation since they were
defined as perfectly ohmic.
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Fig. 2. Real (a) and imaginary (b) part of the impedance extracted from
simulated S11-parameters for several photocurrents at a reverse voltage of
Up=-1V.

The respective real and imaginary part of the impedance
has been extracted from simulated S;;-parameters as shown in
the following equations (4) and (5):

1_5121,Re_5f1,lm
In =2, aiih 4
(1-S11,Re) +571,m

2:S

T = T 11,Im
X 0 (1‘511.Re)2+sf1,1m ©)

Here Z, has been set to 50 Q. After the model has been
established, the behavior of the UTC-PD regarding optical
power and applied voltage can be investigated. Figure 2
illustrates the altered Impedance for an increasing
photocurrent. It reveals an increase in the real part of the
impedance while the imaginary part experiences a decrease.

The effect is especially dominant for frequencies under
300 GHz and is mainly caused by space-charge screening [5].
Furthermore, this effect can be explained by looking at the
carrier accumulation and its influence on the electric field
distribution. Figure 3 shows the electron density and electric
field profile for several photocurrents at a 1 V reverse bias.
Carrier screening usually occurs at the interface between
InGaAs and InP layer where the transition of carriers is
assisted by thermionic emission accompanied by quantum
tunnelling [12]. The accumulation of carriers leads to coulomb
screening and results into a reduction of the electric field.
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Fig. 3. UTC-PD for a bias voltage of U, = —1V showing the electron
density in (a) and electric field in (b)

The decrease in electric field occurs majorly within the
absorber region, which leads to a nonlinear built up in
capacitance. By using the equivalent circuit in Figure 1 the
individual components can be extracted by fitting the
impedance values shown in Figure 2 using MATLAB.

Modelling the components inside the equivalent circuit of
a UTC-PD in dependence of photocurrent and voltage has
been already examined in [5]. Figure 4 a) shows one of the
fitted values for increasing photocurrent revealing an increase
in capacitance C,, for photocurrent exceeding 5 mA at a
reverse bias of -1 V. This seems to correspond to the
behaviour mentioned in [5], where capacitances and
resistances can be approximated as constant if the
photocurrent remains below a certain value before carrier
screening takes place. At higher optical powers an increase in
capacitance and decrease in resistance occurs. An analytical
expression has been derived into equation 6 and 7 showing the
behaviour of resistance and capacitance as function of carrier
density and voltage [5].

E0€rd | qodaAAn
C ~ 0%t
d AU (6)
d d
R~——+ 2 (7)
GoHpAng  qoupAr(ng+n)

The respective equations consist of a term which is constant
and a term which is indirectly dependent from the
photocurrent. With regard to the capacitance the current
evokes a variation in carrier density An and voltage AU
within the depletion region. Both lead to a non-linear increase
of €, which is visible in Figure 4 a). Higher reverse voltages
reduce the effect of carrier screening resulting in a much



flatter curve progression. In comparison, the resistance R, in
Figure 4 b) is dependent on the variation of carrier density
only while decreasing after the carrier screening effect
becomes dominant. The trends in both graphs are in
agreement with equation 6 and 7 offering the possibility of
analytically estimating the change in impedance as a function
of photocurrent. However, the fitting results of junction
capacitance Cj and resistance R; showed no clear trend which
might be caused by a different redistribution of electric field
within the collector region as visible in Figure 3 b). Further
improvement in fitting the equivalent circuit is necessary for
a more reliable model.
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Fig. 4. Fitted values for the Capacitance C, (a) and Resistance R, (b) for
increasing photocurrent and several bias voltages.

Following chapter highlights the benefit of estimating the
change in impedance by presenting the transmission losses in
case of an occurring impedance mismatching.

B. Calculated losses due to impedance mismatching

The importance of matching the impedance of the
photodiode with the antenna was already highlighted by the
authors in [4]. However, it is observed that little attention has
been paid to this same issue when designing transitions to
rectangular waveguides, which is another traditional way of
integrating photodiodes in communication systems. One
example can be found in [13], where a transition from
coplanar waveguide (GCPW) to rectangular waveguide (WR)
based on a double-slot structure on the bottom ground is
presented. Here, the authors present a scalable solution from
50 GHz to 1.1 THz for a 50 Q GCPW, although the aim is to
integrate UTC-PDs. In order to assess the effect of the
impedance mismatch, a WR-10 (75 to 110 GHz) model was
built and simulated on ANSYS HFSS. The insertion loss (IL)
within the band is no larger than 1.5dB and both the
rectangular and GCPW ports present return losses above
10 dB. The input impedance of the transition was obtained
from the extracted S-matrix and the resulting reflection
coefficient and the losses related to the impedance mismatch
were calculated following equation 2 and 3 for two different
source impedances: a) 50 Q GCPW and b) UTC-PD (Figure
2) with Uy=-1 V and respective photocurrents /,,=8 mA and
In=16 mA. The resulting losses are plotted in Figure 5. It must
be noted that the intrinsic IL of the transition is not accounted
for in this calculation. A typical figure of merit for planar to
rectangular waveguide transitions is the 3 dB-BW, i.e., the
bandwidth in which the IL is lower than 3 dB with respect to
the minimum IL within the band. By adding the losses due to

impedance mismatch to the IL presented by the transition, it
can be stated that the bandwidth of the transition is drastically
reduced when using sources with complex impedances. For a
photocurrent of 8§ mA this results into losses of up to 3 dB as
visible in Figure 5 (red dashed curve). However, in this
particular case further increased photocurrent of 16 mA leads
to reduced maximal losses of 1.5 dB contributed by the major
drop in imaginary part of impedance in Figure 2 b). While
Figure 2 a) also reveals an increase in real part of impedance,
the overall impedance approaches 50 Q significantly reducing
the impedance mismatch.
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Fig. 5. Resulting transmission losses for an optimal 50  port (black) and
the simulated CPW integrated UTC-PD for two different photocurrents
(dashed red and blue). Insertion losses of the transition are also included
(dotted green).

III. CONCLUSIONS

In this work, we have highlighted the importance of
properly modelling and matching the impedance of UTC-PDs.
The paper shows the relevance of increasing the optical power
by estimating a variation in the device’s impedance. The
presented method can be helpful when the measurement setup
for network analysis can be too complicated when requiring
optical coupling. By illustrating the behaviour of the carrier
accumulation in the intrinsic region using the aforementioned
equivalent circuit, the actual impedance can be approximated
for the measured S-Parameter. Additionally, the applied bias
voltage influences the built up or increase in capacitance as
well. A higher bias or increased electric reduced carrier
screening at high photocurrents leading to a slower built up in
capacitance. Limitations of this approach can arise when
certain interlayers are inserted to additionally improve the
stability of the electric field. This can lead to inaccurate results
for the calculated impedance. Furthermore, the importance of
matching the device’s impedance when integrating it with
planar-to-rectangular waveguide transitions is illustrated by
an example from a work found in literature. The presented
simulation illustrates the relevance of knowing the
performance depending impedance of such a device when
designing a transition for maximized gain for the targeted
frequency band.
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