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Abstract — This work reviews and investigates two
de-embedding methods contributing to the characterization
of the active region within uni-traveling carrier photodiodes.
De-embedding techniques remove the parasitic effects of the
waveguides connected to the active area of these devices
allowing the calculation of their series resistance and junction
capacitance. The Open-Short method is examined where a
systematic error introduced by the technique is identified. This
error is analytically extracted and a correction is implemented.
The properties of an S-Parameter based de-embedding are
also analyzed through simulation approaches. The lumped
components calculated and verified by these processes are
compared for diodes with different sizes.

Keywords — de-embedding, UTC-PDs, microwave photonics.

I. INTRODUCTION

5G hybrid photonic-wireless links operating in the lightly
licensed millimeter wave (mm-wave) bands will be capable
of supporting high-speed connections to a massive amount of
end users with high capacity, guaranteed quality of service
and ultra-low latency [1]. The convergence between optics
and electronics will take place within future 5G base stations
entailing high speed photodiodes that convert optical signals
to mm-waves and transmit them in the RF domain [2].

One example of a high-speed photodetecting device is a
uni-travelling carrier photodiode (UTC-PD). Within UTC-PDs,
electrons are the only active carriers providing increased
sensitivity, broad bandwidth and high saturation power. A
block diagram of the overall structure of a UTC-PD is
presented in Fig. 1. The photon absorption and carrier
generation takes place at a thin layer where the holes are
directly swept to the P-Contact. A diffusion block layer
supports the unidirectional motion of electrons from the
absorber to the collector and then to the N-contact [3].
The measurement of the junction capacitance Cj and series
resistance Rs of the active region within the diodes is of utmost
importance since they provide crucial information about their
RC-Bandwidth as well as revealing if there was a process issue
on the wafer where the diode chips are fabricated.

The calculation of both Cj and Rs can be achieved by
lumped component simulations while removing the parasitic
effects added by the transmission lines (TML) attached to them
by using different de-embedding techniques. In this article,
we analyse the method described by M.C.A.M. Koolen in [4]
and demonstrate that it introduces a systematic error for single
pole devices. Then, we show that an alternative S-Parameter
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Fig. 1. A UTC-PD capable of generating current at its load (RL) due to the
creation of electron-hole pairs by the absorption of photons with energy hf .

based method presented in [5] produces very accurate results
on various UTC-PDs.

II. MODELLING OF UTC PHOTODIODES

In the electrical domain, a UTC-PD can be considered
as a single-port device with a TML connected to its active
region. As illustrated in Figure 2a), the landing pads of the
TML allow a probe to land on its surface so that reflection
coefficient meaurements can be conducted with a VNA where
Γm is obtained. If the S-Parameters of the TML STML =
[Sij ], i, j = {1, 2} are known, then the reflection coefficient
of the active region within the UTC-PD (ΓUTC−PD) can be
extracted analytically based on (1).
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Fig. 2. a) The active region of an on-wafer UTC-PD connected to waveguide
pads that need to be de-embedded; b) The short and open circuit structures.

ΓUTC−PD =
S11 − Γm

S11S22 − S22Γm − S12S21
(1)

However, the TML characteristics are not always easy
to acquire and thus de-embedding techniques are employed.
The principle of de-embedding is to achieve the mathematical
extraction of the ΓUTC−PD based on measurement of the TML
terminated by an open (open test structure, ΓOC) and by a
short circuit (short test structure, ΓSC). The block diagrams
of these structures are depicted in Fig. 2b). The de-embedded



reflection coefficients are imported to an ADS circuit model
where the lumped elements Cj and Rs are obtained by using
its optimization feature that is capable of minimizing the error
difference ε = |ΓUTC−PD−Γmodel|/|ΓUTC−PD| between the
extracted data and the model.

III. THE OPEN-SHORT DE-EMBEDING METHOD

The Open-Short method introduced by Koolen is based on
the conversion of all measured S-parameters into admittances
(Y ) and calculates the impedance of a device under test (DUT)
by implementing (2). This technique is applied to a 5×25 µm2

UTC-PD and the Smith chart of Fig. 3 is obtained. Both ΓSC
and ΓOC contribute to the curvature of Γm. It is evident that
the parasitics introduced by the waveguide are removed at the
de-embedded (red) curve.

ZKoolen = (Ym − YOC)−1 − (YSC − YOC)−1 (2)
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Fig. 3. The impact of the Open-Short method on a 5 × 25 µm2 UTC-PD
leading to the removal of the waveguide parasitics at −2 V reverse bias.

Ideally, it is expected that ZKoolen = ZUTC−PD.
However, as shown in Fig. 4a), in order to acquire a perfect
optimization in ADS, a series inductor (Lp) needs to be added
to the de-embedded equivalent contradicting with the predicted
circuit model of the active area within a UTC-PD. The origin
of Lp is thoroughly investigated in the following section.

A. Investigation of the Inductive Behavior Introduced by the
Open-Short Technique

To prove the existence and magnitude of the additional
inductance, the Open-Short de-embedding is studied
analytically in the case where a random DUT is connected
to a low-loss TML with length l. This TML is based on the
distributed model with a transfer matrix given in (3) [6],
having a propagation constant γ =

√
zy and lumped elements

equal to z = R+ jωL ≈ jωL, y = G+ jωC ≈ jωC. Finally,
Zc =

√
z/y is the characteristic impedance of the line. Each

variable is measured in units per unit length.

T =

[
A B
C D

]
=

[
cosh(γl) Zcsinh(γl)
sinh(γl)
Zc

cosh(γl)

]
Zm =

AZDUT +B

CZDUT +D
, ZOC =

A

C
, ZSC =

B

D

(3)

Converting the impedances in (3) to admittances through
inversion and replacing them in (2) result in (4).

ZKoolen = ZDUT cosh
2(γl) (4)

The Taylor approximation of cosh2(γl) leads to,

ZKoolen =
1

2
ZDUT [1+

∞∑
n=0

(2γl)2n

(2n)!
] ≈ ZDUT [1+(γl)2] (5)

If the products L×l and C×l are in the range of (10−12 H)
and (10−15 F ) respectively, the residual error of the Taylor
expansion R2 =

∑∞
n=2(−1)n(10)−9n[ 22n

(2n)! ] can be omitted
since it is in the range of 10−18. If the DUT is a UTC-PD, the
result of (5) agrees with Fig. 4a) since ZKoolen 6= ZUTC−PD.
By placing ZUTC−PD = Rs − j 1

ωCj
in (5), and omitting the

real parasitic term |Rs(γl)2| < 1 mΩ, equation (6) is obtained.

ZKoolen = ZUTC−PD + jω
LC

Cj
l2 (6)

Consequently, an additional inductance (Lp = LC
Cj
l2)

is calculated that depends on the characteristics of the
transmission line (L,C, l) while it is inverse proportional to the
junction capacitance. The exact same result for Lp is measured
if the equation of the Open-Short method is implemented for
the Pi and T equivalent models of a transmission line [7]. This
process proves that a systematic error is added to the extraction
of ZDUT while using the Open-Short de-embedding technique.

To verify these analytical calculations, the additional
inductance is extracted in ADS based on experimental data
for diodes with different sizes and reverse bias applied.
Theoretically, the value of Cj = εAj/lj is proportional to
the junction area (Aj). In Fig. 4b), Lp is plotted as a function
of increasing Aj for different measured diodes at a bias of
−2 V . The decreasing junction area of a UTC-PD reduces the
value of Cj while it increases Lp. Then, a hyperbolic curve
fitting is used in order to show the inverse proportionality of
Lp to the sizes of the diodes while LCl2 is constant.

In order to remove the additional inductive behavior
of (6), a correction to the Open-Short technique needs
to be introduced isolating ZUTC−PD. Therefore, the term
cosh2(γl) in (4) will be expressed as a function of the
two known variables imported from the open (YOC) and
short (YSC) structures. Calculating YOC + YSC , as well as
using the hyperbolic trigonometric identities and (4), results
in (7) which introduces a correction and forms an impedance
based de-embedding capable of removing the systematic error
imported in (2) for any single-port based DUT.

ZCorrected = ZOC
Zm − ZSC
ZOC − Zm

(7)

The de-embedded Smith charts of the same 5 × 25µm2

diode are presented in Fig. 4(c) while implementing the
Open-Short method and its correction. The curves overlap;
however, the Smith chart of the Open-Short is longer due to
Lp added by the method itself. Consequently, equation (7) is
able to isolate the active region of a UTC-PD leading to the
valid design of its circuit model.
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Fig. 4. a) The resulting equivalent circuit extracted by the Open-Short method; b) the Lp introduced by the Open-Short technique as a function of area at a
reverse bias voltage of −2 V for different UTC-PDs; c) the difference of the S-parameters between the Open-Short and corrected methods showing the Lp.
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Fig. 5. The impact of the S-Parameter based method to a 5×25 µm2 UTC-PD
leading to the removal of the waveguide parasitics at −2 V reverse bias.

IV. THE S-PARAMETER BASED DE-EMBEDDING METHOD

An alternative to the Open-Short de-embedding is an
S-Parameter based (SPb) technique and primarily focuses on
the reduction of the unknown variables of the STML in (1)
from four to two. This is achieved by firstly applying the
property of passive behaviour of the TML connected to the
UTC-PD where S12 = S21. Furthermore, it is assumed that
the TML is symmetric leading to S11 = S22. This is a crucial
hypothesis that needs to be further investigated. The final
equation is derived in (8) as a function of Γm,ΓOC and ΓSC
by replacing and rearranging the variables in (1) from the data
obtained for the open structure, ΓDUT = 1,Γm = ΓOC and
for the short ΓDUT = −1,Γm = ΓSC .

ΓSPb =
ΓOC + ΓSC − 2Γm − Γm(ΓOC − ΓSC)

2ΓOCΓSC + ΓSC − ΓOC − Γm(ΓOC + ΓSC)
(8)

The Smith chart of Fig. 5 demonstrates the impact of the
S-Parameter based method on a 5 × 25 µm2 UTC-PD. As it
is achieved with the Open-Short technique and its correction,
the waveguide parasitics are removed in the curve of ΓSPb.

A. Evaluating the Assymmetry Assumption for the TML

The S-Parameter based technique is based on the
assumption that the transmission lines that are connected
to the devices under test are symmetric, i.e., S11 = S22.

Consequently, it is essential to test this hypothesis in order
to predict the errors that are introduced in the de-embedding
processes. The error estimation is achieved by using the
features provided in ADS.

A photodiode connected to a transmission line is designed
with lumped components in Fig. 6a). The TML is based on
the Pi model that is fully symmetric if CTML1 = CTML2

(therefore S11 = S22). Asymmetry can be introduced by
setting CTML2

= (1− a)CTML1
where a is a factor varying

between 0 to 100 %. The values of the lumped components
for these simulations are shown in red color and are based on
measurements of a 5×25 µm2 UTC-PD. The S parameters of
the TML terminated by a short (ΓSC) and by an open circuit
(ΓOC) are also simulated to reproduce the test structures on a
real wafer. Additionally, ADS is used to calculate the STML.

The impact of the asymmetry on the de-embedded circuits
is tested by implementing both the equations (1) and (8)
which gives the exact values of Cj and Rs. The first figure
of merit that is tested is the effect of the asymmetry on the
S11 and S22 parameters of the TML. Therefore, ∆STML =
|S11−S22|/S11 is introduced comparing the magnitude of the
reflection coefficient S11 to S22. The ∆STML is calculated for
an ascending value of the asymmetry factor a. The results are
provided in Fig. 6b) where it is evident that the asymmetry of
a transmission line affects its S-parameters.

Figure 6c) shows the percentage of difference between the
junction capacitance (Cj) and series resistance (Rs) calculated
by the S-Parameter based method and the original values as
a function of the increasing asymmetry. The curves are linear
and for 100 % of asymmetry the difference reaches 7.1 % for
Cj and 8.2 % for Rs. Similar behavior is demonstrated in the
percentage differences in the mean values of magnitude, phase,
real and imaginary parts of the diode’s reflection coefficients
(ΓUTC−PD). Based on the analysis above, the transmission
line symmetry influences the S-parameters (ΓSPb) of the
de-embedded circuits as well as the values of the lumped
components Cj and Rs. However, the percentage of difference
does not exceed the 8.2 % for all the tested variables. Since
there is not an effective divergence between the de-embedded
values and the original data, it can be deduced that the
S-Parameter based method poses an alternative de-embedding
technique for the removal of the TML from a DUT.
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Fig. 6. a) A lumped component simulation of a UTC-PD connected to a transmission line based on the Pi model; b) ∆STML as function of frequency for
different asymmetry values; c) The percentage difference of Cj , Rs and of the characteristic properties of ΓUTC−PD between the S-Parameter based and
direct methods as a function of the increasing TML asymmetry.

Table 1. Comparison of Cj and Rs Between the Extracted De-embedded Equivalent Circuits

Diodes at Reverse Bias of −2 V 4 × 10 µm2 4 × 20 µm2 5 × 25 µm2 7 × 25 µm2

Simulation Based Equivalent Cj [fF ] Rs [Ω] Cj [fF ] Rs [Ω] Cj [fF ] Rs [Ω] Cj [fF ] Rs [Ω]

Open-Short 18.2 29.3 31.5 16.4 40.0 13.2 58.1 9.5
Open-Short Corrected 18.0 26.3 30.7 14.4 39.2 11.6 55.9 8.3

S-Parameter based 18.1 26.3 30.7 14.4 39.3 11.6 56.0 8.3

B. Comparison Between De-embedding Methods

The Corrected method is compared with the S-Parameter
based one in order to define the differences between the
resulting Cj and Rs. By superimposing the de-embedded
S-parameter curves (ΓCorrected,ΓSPb) of Fig. 4c) and Fig. 5
on a Smith chart, the curves overlap. That is due to the fact that
both the techniques in (7) and (8) are extracted based on the
symmetry of the transmission lines. With further investigation
and by implementing the conversion equation from Z to S
parameters [8], the corrected method becomes identical to the
S-Parameter based. Therefore, the two de-embedding processes
converge and can be expressed in different parameters.

In Tab. 1 a full comparison is shown between Cj and
Rs for diodes with different sizes while implementing the
three de-embedding techniques. As expected, the differences
in the lumped element values between the Corrected and the
S-Parameter based are negligible. Furthermore, the percentage
of error difference between the Koolen technique and the other
two equations increases as a function of size not exceeding
3.8 % for Cj and 12.6 % for Rs which is moderate but
significant. Thus, the classical method by Koolen offers good
value estimation of Rs and Cj at the price of adding a virtual
inductance leading to an imprecise circuit model of the active
region within the photodiodes. This can be corrected by the
two improved methods described in this work providing a more
accurate equivalent for analyzing the properties of UTC-PDs.

V. CONCLUSION

This paper evaluates the extraction methods of the
junction capacitance and series resistance of UTC-PDs by
deploying de-embedding processes and performing lumped
component simulations based on experimental measurements.
More specifically, the Open-Short and the S-Parameter based
de-embedding techniques capable of removing the parasitic
effects added by the waveguides connected to the UTC-PDs

are analyzed. A systematic error added by the Open-Short
technique is observed and thoroughly studied leading to the
derivation of an updated equation that removes its impact.
Furthermore, the assumptions made defining the S-Parameter
based equation are tested. Simulations conducted calculating
the significance of these assumptions provide satisfactory
results since minimal error is introduced. While all the
de-embedding methods studied may be reliable candidates,
the proposed correction minimizes the error introduced in
modeling the characteristic features of UTC-PDs which offer a
unique solution for interfacing the optical with the RF domain.
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