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Abstract

The generation and transmission of millimeter-wave signals for 5G applications require the
use of broadband and high output power photodetectors to bridge from the optical and elec-
tronic domains. Therefore, the deep knowledge on the equivalent circuit characteristics of
these devices is vital. This study reviews and analyzes de-embedding techniques contributing
to the characterization of the physical aspects within the active region of uni-traveling carrier
photodiodes. De-embedding methods analytically remove the parasitic effects of the electrical
transmission lines connected to their active area allowing the extraction of their series resist-
ance and junction capacitance toward the synthesis of an equivalent circuit with lumped ele-
ments. The open-short technique is examined and a systematic error introduced by this
process underlines the vulnerability of the method on removing parasitics with higher com-
plexity. This error is quantified leading to the implementation of a corrected equation conver-
ging with the characteristic features of an S-parameter-based de-embedding. These
characteristics are also analyzed through simulation approaches showing minimal equivalent
inaccuracies on eliminating more complex symmetrical parasitics. A thorough comparison
between these three methods is conducted through the calculation of lumped components
corresponding to the active region of diodes with different sizes.

Introduction

The revolutionized infrastructure of the impending 5G communications networks will signifi-
cantly contribute to massive advancements of telecommunication services accommodating
groundbreaking applications [1, 2]. The success of these functions is feasible only through
the operation in the unlicensed or lightly-licensed millimeter-wave (mm-wave) bands support-
ing the transmission of peak user data rates where signal up-conversion can be achieved
through optical heterodyning and hybrid photonic-wireless links [3-6]. The convergence
between optics and electronics will take place within the future 5G base stations including
high speed photodiodes that convert optical signals to mm-waves and transmit them in the
RF domain [7, 8]. Among the different types of high-speed photodetectors, uni-traveling
carrier photodiodes (UTC-PD) are compelling candidates for 5G applications providing
increased sensitivity, broad bandwidth, and high saturation power [9, 10]. UTC-PDs are widely
used in the generation of THz waves in communication and sensing applications [11]. For a
meticulous characterization of these devices, it is essential to test properties such as responsiv-
ity measurements, 3-dB bandwidth extraction as well as saturation RF current. Moreover, the
synthesis of the full equivalent circuit with lumped components based on reflection coeffi-
cients (I') is a prevalent solution for the analysis of the measured diodes [12-14]. However,
the simulation of the elements composing the full equivalent is not always a feasible task.
The measured reflection coefficient data of the UTC-PDs include additional information
about the pads and the on-wafer transmission lines (TMLs) which are used to interconnect
the intrinsic devices for probing measurements [15]. Even an ideal TML if not simulated
accurately, may lead to a circuit that does not precisely represent the physical characteristics
of the device under test (DUT). Additionally, parasitic phenomena that may occur such as sig-
nal leakage on the substrate increase the complexity of the circuit structures and impede the
extraction of the values of the components synthesizing the active region of UTC-PDs.
Therefore, in order to isolate these elements there are several de-embedding techniques that
remove the impact of the unwanted parasitic effects added to the DUT [16]. The majority
of the de-embedding methods use on-wafer test structure measurements while employing
analytical, algorithmic, or statistical procedures in order to retrieve the features of the DUT
[17-19]. De-embedding techniques can be classified and mathematically expressed based on
lumped elements, distributed network parameters or a synthesis of the two [20, 21]. The
majority of these processes require data of test structures such as short, open, and thru
[22-24]. However, there are more elaborate methods that also use on-wafer designs with
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various types of fabricated TMLs [25-28]. The choice on the
number of measured structures and the total amount of
de-embedding steps to perform depend on the frequency and
type of the DUT [29-31]. UTC-PDs have a single electrical
port, hence open and short circuits can be used for parasitic
removal [32].

In this study, three de-embedding techniques are analyzed
(open-short, corrected, and S-parameter-based) providing with
a solid review of their advantages and drawbacks. This was the
topic of a conference contribution at EuMW 2020 by the authors,
which this paper expands upon [33]. All experimental data shown
are based on entirely new measurements of a more recent and
upgraded generation of UTC-PDs from III-V Lab providing a
substantial improvement upon the conference paper and validat-
ing the methods discussed over a larger sample of devices.
Software tools and mathematical derivations are applied support-
ing the presented argumentation and result validity. In addition,
the component estimation accuracy introduced by these methods
as well as all their significant aspects are efficiently underlined.
The remainder of this paper is structured as follows. Section
“Physical ~ properties and S-parameter measurements of
UTC-PDs” describes the physical properties of UTC-PDs and the
processes for measuring their reflection coefficients. In Section
“De-embedding of UTC-PDS,” de-embedding methods utilizing
open and short test structures are investigated. More specifically,
the open-short technique by Koolen [34], is presented and a sys-
tematic error added by the method is thoroughly examined while
a correction is implemented. Furthermore, the assumptions made
in order to extract the S-parameter-based technique are explained
[35]. In Section “Evaluating the asymmetry assumption for the
TML” the impact of asymmetry affecting the TML parasitics are
simulated calculating the errors acquired by applying the various
techniques. Then, a comparison between all methods based on
measured data is shown in Section “S-Parameter comparison
between de-embedding methods.” Finally, the conclusions section
summarizes the results of this study.

Physical properties and S-parameter measurements of
UTC-PDs

A block diagram of the overall structure of a UTC-PD is presented
in Fig. 1. The carrier generation takes place at a thin absorption
layer. The holes are directly swept to the p-contact within the
dielectric relaxation time of the p-doped region (>THz band-
width) [36, 37]. In addition, a diffusion block layer supports the
unidirectional motion of electrons toward the n-contact [38].
The speed of the device is mainly limited by the transit time of
the electrons (7;,) within the structure. This parameter can be
reduced even further once the electrons reach overshoot velocity
(ve = 3—5 x 107 cm/s) which depends on the length of the col-
lector and the reverse bias (Vp,s) applied [39]. Moreover, the
overshoot velocity leads to high output saturation RF currents
and reduced space charge effects [40].

In order to characterize the important aspects of a UTC-PD, the
extraction of the series resistance (R;) and junction capacitance (C;)
is crucial [41]. The accumulation of the resistive effects within the
doped layers of the PD can be represented by R;. Furthermore,
within the depleted active region of the device (collector), the
value of C; contributes to a thorough performance analysis of the
PDs through the calculation of the bandwidth. Insight into these
processes is valuable for device design, as they are used to verify
that the parasitics between the designed model before and after
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Fig. 1. UTC-PD capable of generating current at its load (R,) due to the creation of
electron-hole pairs by the absorption of photons with energy hf.
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fabrication are low. Also, it is important to mention that the junc-
tion capacitance provides information on the optimal amount of
reverse bias voltage that needs to be applied in order to fully deplete
the intrinsic region of the UTC-PD [42].

VNA measurements of UTC-PDs

Figure 2 shows a broadband, low-cost, and high-responsivity
evanescent waveguide UTC-PD fabricated at III-V Lab using all
2-in InP processing including etched facet with on-wafer anti-
reflection coating. The input optical waveguide can be coupled
with a 3.5um-mode diameter lensed fiber for inserting light
into the UTC-PD [43-45]. The generated electrical signals are
guided to the output through a conductor-backed coplanar wave-
guide (CB-CPW) where the ground pads of the CB-CPW are con-
nected to the n-contact of the PD. Reflection coefficient
measurements are conducted with the support of a probe station
and a vector network analyzer (VNA). The VNA is connected to
the pads of this single port device via an internal bias-tee enabling
the application of reverse DC bias to the UTC-PDs. Then, the
bias-tee is linked to an RF cable, and a ground-signal-ground
(GSG) microwave probe [46]. In order to optimize the experimen-
tal processes, VNA calibration is performed allowing the elimin-
ation of errors on the measured S-parameters that stem from the
VNA and the interconnected RF components due to losses and
reflections [47-49]. This procedure can be complex for optoelec-
tronic devices due to the different nature of their ports (optical
input, electrical output) [50, 51]. However, the goal of this
study is the acquisition of S;; parameters and the electrical char-
acterization of UTC-PDs under the dark regime where no optical
illumination is applied. Thus, the calibration is conducted on a
commercial wafer substrate provided by the GSG probe vendor
where the standards used are open, short, and load (OSL) [52].
Through the OSL correction technique of the VNA, the reference
measurement plane is moved to the tip of the microwave probe
[53]. All the data described are based on the same OSL calibration
ensuring a fair comparison between the presented de-embedding
methods. An alternative solution to the performed process is
based on the replacement of the open and load with two add-
itional offset shorts [54, 55]. The three-offset shorts (SSS)
approach is capable of achieving single port calibration on trans-
mission media where it is difficult to realize loads or opens. It is
important to note that this method is highly frequency dependent
and each short should have a unique length that is precisely
known and it is not proportional to multiples of A/2 [56, 57].
Once calibrated, the VNA acquires information on the reflection
parameters of a PD (I',,) that is illustrated in Fig. 3(a). I, shows a
capacitive behavior and this is confirmed by the blue curve on the
Smith chart of Fig. 4 for a measured 5 x 25 um? UTC-PD at a
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Fig. 2. High-speed UTC-PD fabricated in Ill-V Lab connected to a VNA through an RF
probe with 150 wm pitch while its optical waveguide is coupled to a lensed fiber.
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Fig. 3. (a) A block diagram of the active region of an on-wafer UTC-PD connected to
the waveguide pads that need to be de-embedded and (b) the short and open circuit
structures.

reverse bias of —2V. If the S-parameters of the TML
Stmr = [Sy], i, j = {1, 2} are known, then the reflection coeffi-
cient of the active region within the UTC-PD (I'yrc_pp) can be
extracted analytically based on equation (1). However, the TML
properties are not always easy to measure and thus de-embedding
techniques are employed in order to eliminate these parasitics and
move the reference measurement plane to the active region of the
UTC-PDs i.e. isolate I'yrc_pp [58]:

Sll - l—‘m
TU'vre-pp = 1
UTCPD = 61182 — Sol s — S128a1 )

Retrieving data from InP on-wafer structures with the VNA

The mathematical extraction of the I'yrc_pp is based on the
de-embedding principle that includes the measurements of the
TML while it is terminated by an open (open test structure,
I'oc) and by a short circuit (short test structure, I'sc) [16]. The
block diagrams of these components are depicted in Fig. 3(b).
Based on the Smith chart of Fig. 4, I'gc (in red) has a capacitive
behavior and I'gc (in yellow) has an inductive behavior. Both I'sc
and I'gc contribute to the curvature of I',,.

Ideally, the retrieved reflection coefficient curves of both the
short and open should coincide with the outer circle of the Smith
chart where the load impedances Z;, = 0 and Z; = oo are located
respectively. However, since the on-wafer components are not
ideal, the measured parameters have a deviation that is also visible
in the magnitude and phase of I'opc and I'sc in Fig. 5(a).
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Fig. 4. Reflection coefficients mapped on a Smith chart for the open (I'oc) and short
(I'sc) structures as well as for a 5 x 25 um? UTC-PD at a reverse bias of —2 V.
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Fig. 5. (a) Magnitude and phase of I'oc and I'sc and (b) the magnitude and phase of
I';, for measurements of diodes with different sizes at a reverse bias of —2 V.

Optimally, it is expected that both magnitudes to be equal to 1
for all frequencies. Nonetheless, losses in the conductors arise due
to the finite conductivity of the metals leading to the decrease of
IT'|. In addition, the I'gc curve shows a reduction in magnitude
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for lower frequencies while it reverts back to higher values over
30 GHz. This may be an indication of radiation losses and para-
sitic coupling with neighboring on-wafer structures that are
closely spaced or direct coupling between the structures and the
GSG probe [59, 60]. Moreover, multiple reflections may occur
before the signal reaching the end of the structure as a result of
impedance mismatch between the probe tip and the on-wafer
design [61-63]. Another cause can be due to material characteris-
tics as well as fabrication imperfections on the InP substrate. Thus,
the representation of the TML with lumped components becomes
more and more complex making the de-embedding techniques a
compelling solution for extracting the active region properties.
Figure 5(b) calculates the magnitude and phase of I',, for
UTC-PDs with different sizes at an applied bias voltage of
—2 V. It is observed that the negative slope increases for diodes
with wider surfaces. This resides on the fact that the values for
the real part of the reflection coefficients (Re[I',,]) are higher
for smaller devices due to their larger series resistance [64-66].
Moreover, the imaginary part of the I',, values (Im[I',,]) also
show the same trend where the capacitive behavior of the active
region is more dominant for wider structures comparing to the
parasitics of the TML [67-69]. The opposite occurs for small
diodes (e.g. 4 x 10 um?) where the TML principally influences
the magnitude and phase of I', that is equal to

V(Re[T,))* + (Im[T,,])* £ (Re[T',], Im(T,]).

De-embedding of UTC-PDs

The valuable information extracted for I'gc, I'sc, and T, are
inserted to de-embedding equations calculating the reflection
coefficient of the PDs’ I'ypc_pp. At a further step, I'yrc—pp is
introduced to a software-based circuit model where the active
region of the diodes can be simulated as the RC circuit shown
in Fig. 6(a) [70]. It is worth noting that a leakage branch including
a capacitor in series with a resistor can be added in parallel to C;
[71, 72]. This part is not removed from the de-embedding but due
to its high impedance is considered as open and can be omitted
without an impact on the measured data [73]. The lumped ele-
ments for C; and R; are obtained by using the optimization feature
of the software that is capable of minimizing the error difference
(€) between the extracted data ie. I'yrc_pp and the reflection
coefficient ~of the circuit model (I'jo4e)  where
€ = |I'vrc—pp — I'modetl /T urc—ppl [74].

The open-short de-embedding

The open-short method introduced by Koolen [34] is based on
the conversion of all measured S-parameters into admittances
(Y) and calculates the impedance of a DUT by implementing
equation (2) [75]:

Zkoolen = (Yo — Yoc) ™' — (Ysc — Yoo) ™! (2)

This technique is applied to a 5 x 25pum? UTC-PD and the
Smith chart of Fig. 7(a) is obtained. It is evident that the
de-embedded (red) curve of I'kyen has also a capacitive behavior
while the parasitics introduced by the waveguide are removed.
The differences between the two reflection coefficients are also
calculated in Fig. 7(b) based on magnitude and phase. As previ-
ously stated, the added parasitics from the TML increase the nega-
tive slope of the I';, comparing to the de-embedded I'k,osen-
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Fig. 7. (a) Impact of the open-short method on a 5 x 25 um? UTC-PD leading to the
removal of the waveguide parasitics at —2 V reverse bias plotted on a Smith chart
and (b) the magnitude and phase of I'y, and I'koolen-

With regard to the lumped equivalent circuit of the active
region, it is expected that Zx,oren = Zurc—pp. However, in order
to acquire a perfect optimization in the circuit simulations soft-
ware and minimize €, an inductor (L,) needs to be added in series
with the Zypc_pp of Fig. 6(a) after the TML. This additional
element contradicts with the predicted circuit model of the active
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area within a PD [76]. The origin of L, is thoroughly analyzed in
the following section.

Analysis of the inaccuracies introduced by the open-short
method

In order to verify the existence and magnitude of the additional
inductance, the open-short de-embedding is investigated analytic-
ally. As depicted in Fig. 6(b), the TML connected to the DUT can
be based on the distributed model. The transfer matrix for this
type of ideal waveguide with length I is given by equation (3),
with a propagation constant y = ,/zy and z = R + jwL ~ joL, y
=joC [77). Finally, Z. = \/z/y is the characteristic impedance of
the line. Each variable is measured in units per transmission length:

cosh (yl) Z,sinh (yl)

T |:A B] inh (yl)
= = | sinh (v
C D ———=  cosh (¥])
Z. 7 3)
AZpyr + B A B
Iy =————, Zoc=—, ZLsc=—
"= oo + D 0C =& SC=4
By converting the impedances of this symmetric model (S;; = Sx)

in equation (3) to admittances through inversion and replacing
them into the equation (2) result in:

ZKoolen = ZDUT COShZ (‘}’l) (4)

The term cosh? (yl) can be approximated with a Taylor series and
thus,

1 NC
Z oolen =-Z 1 7Y
Kool 5 DUT|: +; 2n)!

ZKaolen = ZDUT[I + ('Yl)z] + R,

©)

is extracted. The residual error (R;) for this Taylor approximation is
presented in equation (6). It is a constant that multiplied by an
impedance results in negligible values and therefore can be omitted:

_ = n —9n 22"
Rz—;(—l) (10) [@] (6)

If the DUT is a UTC-PD ie. Zyrc—pp = Rs — j(1/wC;), and by
replacing it in equation (5), then,

LC
ZKoolen = ZUTC—PD - Rs(')’l)2 +]w?lz (7)
]

is obtained. Consequently, equation (7) agrees with the previous
statement that Zg,oen # Zurc—pp for both the real and imaginary
parts of the UTC-PD. For low frequencies, the real parasitic term
|R((y])*| = |R;w?LCP| that depends on the characteristics of the
TML (L, C, ) can be omitted (< Im{)). However, in higher fre-
quencies its quadratic impact increases reducing the series resist-
ance. The additional inductance (L, = (LC/ Cj)lz) that is
calculated it is inversely proportional to the junction capacitance
of the device. The exact same result for L, is measured if the equa-
tion of the open-short method is implemented to the Pi and T
equivalent models of a waveguide [78]. Based on this process it is
proven that a systematic error is added to Zpyr while using the
Koolen de-embedding technique. In principle, since the device
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curve for the junction capacitance.

model of Fig. 6(a) is related to different types of diodes such as
PN, PIN, and Schottky, it is expected that the same error would
occur once the open-short technique is applied [79-81].

These analytical calculations concerning the additional induct-
ance are confirmed through circuit simulations based on experi-
mental data for diodes with different reverse bias applied, sizes,
and frequency of operation. In theory, the value of C;, = €A;/];
is proportional to the junction area (A;) and inversely propor-
tional to the junction length that is directly linked to the reverse
bias. In the case where the bias is not enough to fully deplete the
active region of a UTC-PD leads to a decrease of /; increasing C;.
In addition, the deteriorating junction area of a PD reduces the
value of C; while L, increases. In Fig. 8, the junction capacitance
and inductance of a 5 x 25 um? UTC-PD is extracted for differ-
ent values of the reverse bias. As expected, the form of the curve
of C; (blue) is approximately a reflection of L, (red) as a reference
to the x-axis, verifying the previous observations on the inverse
proportional relationship between these two lumped components.

Furthermore, in the ideal case, the values of the junction cap-
acitance are expected to be constant as a function of frequency.
However, since C; is extracted based on S-parameter measure-
ments it is expected to show a small deviation for different fre-
quencies with C; being higher at low frequencies due to
parasitic effects [82]. This deviation (in percentages) is depicted
in Fig. 9(a) where for the same diodes, the junction capacitance
calculated over the range 0-35 GHz shows higher values compar-
ing to the data measured between 0 and 50 GHz. The maximum
percentage of difference at 1.65% is obtained for a diode with size
of 4 x 15 um?. This directly affects the calculation of L, that is
plotted in Fig. 9(b) as a function of increasing A; for different
measured UTC-PDs at a bias of —2 V. Then, a hyperbolic
curve fitting is used in order to show the inverse proportionality
of L, to the sizes of the diodes while LCI* is constant. As previ-
ously discussed, this curve is shifted upward for higher
frequencies.

A correction to the open-short method

To eliminate the additional inductive behavior of equation (7), a
correction to the open-short technique needs to be introduced,
isolating Zyrc_pp. Therefore, the term cosh? (yD) in (4) is
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Fig. 9. (a) Percentage of difference between the values of C; extracted up to 35 and 50 GHz affecting the calculation of L, and (b) the additional inductance (L,)
introduced by the open-short technique as a function of area at a reverse bias voltage of —2 V for different UTC-PDs up to 35 and 50 GHz.

expressed as a function of the two known variables imported from
the open (Yoc) and short (Ysc) structures:

cosh? (y1) + sinh? (D)

Y Ysc =
oc+ Ysc Z, sinh (7yl) cosh (1)

®

Calculating Yoc + Yg¢ in equation (8), as well as taking into
account cosh? (v + sinh? (v = 2 cosh? (vl) =1 of the hyper-
bolic trigonometric identities and equation (4), results in equation
(9) which introduces a correction forming an impedance-based
de-embedding capable of removing the systematic error imported
in equation (2) for any single-port-based DUT:

Zim — Zsc
Z orrected = 20C 9
Comected = ZoC 77 (€)

The de-embedded reflection coefficients based on the open-short
technique and its correction are calculated and plotted in the
Smith chart of Fig. 10(a) for the same 5 x 25 p.m?. The curves
for T'kooten and I correctea Overlap while the one for the open-short
is longer due to L, added by the method itself. A similar observa-
tion can be extracted from Fig. 10(b) where the magnitude and
phase of the two obtained reflection coefficients are plotted.
Consequently, equation (9) is capable of isolating the active region
of a UTC-PD leading to the valid design of its circuit model
matching the impedance Zypc_pp and can be expanded to all
devices using open and short structures for de-embedding.

The S-parameter-based de-embedding method

An alternative process that can be implemented in order to
de-embed the parasitics of the UTC-PDs is the S-parameter-based
(SPb) method. This mathematical approach resides on primarily
reducing the unknown S-parameter variables of the TML (Sta)
in equation (1) from four to two. This is initially accomplished by
implementing the property of passive behavior of the TML con-
nected to the UTC-PD where S;; = S;;. Moreover, by assuming
the symmetry of the TML, the equality between Si; and Sy is
acquired. The validity of this hypothesis is substantial and it will
be investigated even further through simulation processes in the fol-
lowing section. The de-embedding equation is finally derived in
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Fig. 10. (a) Impact of the corrected method to a 5 x 25 pm? UTC-PD leading to the
removal of the waveguide parasitics at —2 V reverse bias depicted on a Smith chart;
the corrected curve is compared to I'xoolen Showing the additional inductance L, and
(b) the magnitude and phase of I'koolen @and Icorrected-

equation (10) as a function of I',,, I'oc and I'sc by replacing and
rearranging the variables in equation (1) from the data obtained
for the open structure, I'pyr = 1,1, = 'gc and for the short
I'pur = —1, T’y = I'sc. The Smith chart of Figs 11(a) and (b) pre-
sents the impact of the S-parameter-based method on a 5 x 25 wm?
UTC-PD where the TML parasitics are removed in the curve of I"gpy:

Foc +Tsc —2I'y, = T'(Toc — T'se)
2l'oclsc + Tsc = Toc = I'(Toc + T'se)

Cspp = (10)
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Fig. 11. (a) Impact of the S-parameter-based method to a 5 x 25 um? UTC-PD lead-
ing to the removal of the waveguide parasitics at —2 V reverse bias mapped on a
Smith chart and (b) the magnitude and phase of I'sp, and T'y,.

Evaluating the asymmetry assumption for the TML

The error estimation that is introduced due to the asymmetry assump-
tion of the TML connected to the DUT is essential to be extracted in
order to calculate the errors that are introduced in the de-embedding
processes. This is achieved through the simulation where a PD
is connected to a TML that is based on the Pi-model of Fig. 6(b)
and is designed with lumped components (Cryy, = 21.3fF,
Ly = 55.6 pH, Ry = 0.3()). The TML of the circuit exhibits
100% of symmetry if Cryy, = Cray,, ie. Sii = Sp. Asymmetry
can be introduced by setting Cryz, = (1 — a)Crpr, where a is a scal-
ing factor varying between 0 and 1 where 1 represents a fully asym-
metric (100%) TML. The values of the lumped components for
these simulations are chosen based on measurements of
5x 25um? UTC-PD (C; = 37.7{F, Ry =14.9, Q). The circuit
simulator is used to calculate the Sty as well as the reflection coeffi-
cients of the TML while it is terminated by a short (I'sc) and by an
open circuit (I'o¢) reproducing the test structures on a real wafer
for frequencies up to 50 GHz. The first figure of merit that is tested
is the effect of the asymmetry on the Si; and S,, parameters of the
TML. Therefore, ASpy, = [S11 — S221/S11 is introduced comparing
the magnitude of the reflection coefficient S;; to Sy [83]. The
ASryy is calculated for an ascending value of the asymmetry factor
a. The results are provided in Fig. 12 where it is evident that the asym-
metry of a TML affects its S-parameters. At a further step, the impact
of increasing a is implemented in order to investigate its effect on the
de-embedding equations (2), (9), and (10).

Asymmetry dependence in S-parameter-based method

Figure 13 examines the percentage of difference between the junction
capacitance and series resistance extracted in both equation (1) that
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Fig. 13. Percentage difference of C;, R, and of the characteristic properties of I'yrc_pp
between the S-parameter-based and direct methods as a function of the increasing
TML asymmetry.

provides the exact values of C; and R, and the resulting lumped ele-
ments calculated by equation (10) as a function of the increasing
asymmetry. The curves are linear and maximum difference reaches
7.1% for C; and 8.2% for R, once a = 1. Similar behavior is demon-
strated in the percentage differences in the mean values of magnitude,
phase, real and imaginary parts of the diode’s reflection coefficients
(T'yrc—pp)-

Thus, the extracted data confirm that the TML symmetry influ-
ences the S-parameters (I'spy) of the de-embedded circuits as well
as the values of the lumped components C; and R;. However, the
percentage of difference does not exceed the 8.2% for all the tested
variables while the performance of the technique improves while the
additional branch is added on the TML. Identical values are observed
once the equation for the corrected method (Zcreceq) is used. Since
there is not an effective divergence between the de-embedded ele-
ments and the original data, the S-parameter-based method can be
considered as an alternative de-embedding leading to the removal
of the TML parasitics from a DUT.

Asymmetry dependence in open-short method

Similar procedure is applied while implementing the open-short
de-embedding in order to analyze the impact of asymmetry.
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The results of this procedure are shown in Fig. 14 for the series
resistance, junction capacitance, and additional inductance.

While the percentage of difference on the extraction of C; is
low varying between —0.33 and 0.21%, the real part of the intrin-
sic region (Re[Zyrc—pp]) is directly affected by the type of the
TML linked to the active area of the UTC-PD. The value for Rs
is 19.1% lower than the actual once the Cryyy, rises. This percent-
age is linearly reducing for increasing a due to the decrease of the
factor LC in the real part of equation (7). The same trend is pre-
sented for the value of L,.

These results show that the open-short technique is capable of
successfully removing the TML parasitics. However, once a
second parallel branch with increasing admittance is shunt in
the line model, the process starts demonstrating errors that
become significant for low a. It is important to underline that
the increasing L, for high values of Cryy, can be a good indica-
tion on the type of TML that is experimentally measured as well
as on the effectiveness of the open-short especially for the calcu-
lation of R;. Therefore, the additional inductance is not only
dependent on the diode size, reverse bias voltage applied, and
the frequency of operation (Figs 8 and 9(b)) but also on the
type of the TML. Finally, this simulation validates the mathemat-
ical analysis of equation (7) on this series component i.e. L, added
by the process.

S-Parameter comparison between de-embedding methods

Section “Evaluating the asymmetry assumption for the TML” pro-
vides with a good insight into the behavior of the de-embedding
techniques based on circuit simulation level. However, it is of the
essence to compare the discussed techniques on their analytical
equations and their impact on the measured de-embedded
lumped equivalent data.

Comparison S-parameter-based - corrected

In order to compare the de-embedding methods for the cor-
rected and S-parameter-based technique the de-embedded
S-parameters for I'coprected and I'spy of Figs 7 and 11 respectively
are superimposed on a Smith chart leading to an overlap
between the two red curves. Moreover, the error difference
between the magnitudes of the two reflection coefficients is neg-
ligible. That is due to the fact that both the techniques in equa-
tions (9) and (10) are extracted based on the symmetry of the
TMLs. With further mathematical analysis the conversion equa-

tion from Z to S parameters in equation (11) [84] is
implemented:
Z=yZ(1 -1+ D)2 (11)
By substituting equations (11) to (9) then,
1+T,, _ 1+ Tge
ZO 1+ FCorrected _ 1+ 1-‘OC 1— FOC 1— Fsc (12)

l_FCorrected_ OI_FOC 1+FOC _ 141
1-Toc 1-T,

is obtained.
If equation (12) is rearranged and I'cprecreq is extracted, the
corrected method becomes identical to the S-parameter-based
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(Tcorrected = T'spp). Therefore, the two de-embedding processes
converge and both Z and S parameters can be used to calculate
a valid equivalent for the active area of UTC-PDs.

Comparison Koolen - corrected

A similar process is conducted for the comparison between the
open-short and the corrected method. As a first step, equation
(2) is analyzed based on Z-parameters in equation (13):

L — 2
ZKoolen = Zzoc “ 5
(Zoc — Zsc)(Zoc — Zm)

(13)

Then, the error ratio of difference between Ziooen and Zcorrected 1S
expressed in equation (14) as a function of Zpc and Zgc:

ZKoolen - ZCorrected _ ZSC
Zoc — Zsc

=a+jB (14)

Z Corrected

In the ideal case where the ratio is a real number, i.e. 8 = 0 the
relationship between the lumped elements for R, and C; extracted
by the two methods is given in equation (15):

Cj,Koolen = (1 + yz)cj,Corrected

1 (15)
Rs,Koolen = WRS,Corrected

For the two techniques, both R; and C; are dependent on the
propagation  constant of the waveguide (y) with
Cj,Koolen > Cj,Corrected and Rs,Koolen < Rs,Corrected~ However, the
measurement results contradict with the ideal scenario since it
is calculated that R kooten > Rs,Corrected Clarifying that it is import-
ant to take into account the impact of the imaginary part of equa-
tion (14), i.e. B # 0. This is because, as shown in Figs 4 and 5(a),
the open and short circuit curves are not ideal. Therefore, by tak-
ing into account that the product BwRcorrected Cjcorrected 107°
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the results of equation (16) are obtained:

C Jj»Corrected
a(w) - Bsz,Corrected Cj,Corrected

C j,Koolen =

~ Cj,Currected

a(w) (16)

B

Rs,Koolen = Cl((J'))Rs,Corrected +
wC j,Corrected

= a(w)Rs,Corrected + P(w» C])

The analysis above confirms that the relationship of R; and C;
between the two methods is more complex and it depends on
both a(w) and p(w, C;) that includes the parameter 8 and the
CjCorrected that is directly connected to the UTC-PD’s area (4;).
In Fig. 15(a), the factors a(w) and p(w, C;) are plotted as a func-
tion of frequency showing that a(w) decreases at higher frequen-
cies while the opposite occurs to p(w, C;). In order to get a better
perspective on the impact of the different PD sizes to the magni-
tude of these factors, averaging over frequency is implemented
removing  from the variables of freedom in « and p. Thus,
a(w) as well as each curve of p(w, ;) is represented by a single
value. Figure 15(b) shows that a remains constant as a function
of increasing C; while p(C;) decreases exponentially. Therefore,
based on the calculated data it is expected that
Cj,Koolen ~ j,Corrected while Rs,Koolen > Rs,Corrected since the imPaCt
of the of p is high especially for smaller junctions.

These characteristics are verified in Fig. 16 where the percent-
age of difference between the lumped components of the active
region (Cj, R;) for the open-short and the corrected method are
plotted using real measurements for diodes with different sizes.
The percentage of error difference between C;xooren and
Cj Corrected increases as a function of size not exceeding the absolute
value of 1.8%. The negative percentage implies that in the
corresponding junction area, the lumped element has higher mag-
nitude once it is obtained by the corrected method. Concerning
the series resistance, the difference between the two methods
starts with a significant difference of 15.2% and decreases to
values of approximately 1.6% for high size devices such as a
6 x 50 um? UTC-PD.

The extracted data of these elements are also shown in Fig. 17
for the different de-embedding techniques. Furthermore, the
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Fig. 15. (a) a(w) and p(w) as a function of increasing frequency for different diode
capacitances and (b) « and p as a function of ;.
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Fig. 17. Impact of the corrected method to a 5 x 25um? UTC-PD leading to the
removal of the waveguide parasitics at —2 V reverse bias.

theoretical curve of the junction capacitance (C;,) is also calcu-
lated. It can be observed that for all the different junction areas,
the theoretical curve is shifted downward by a constant equal to
5fF. The difference between the dotted line for C;, and the actual
measurement data can be caused due to a parasitic capacitance
generated by leakage of electric field at the edges of the diodes’
intrinsic region toward the neighboring layers of the collector
layer forming a fringe capacitor in parallel to C; [85-87]. In sum-
mary, the classical method of open-short provides both the R; and
C; at the price of adding a virtual inductance (L,) with reduced
values for R; in high frequencies leading to an imprecise circuit
model of the intrinsic area within the photodetectors. This
error is fixed by using an updated method (corrected) and its
equivalent S-parameter-based technique. The difference between
these three methods in terms of the accuracy of the equivalent cir-
cuit and its component magnitudes are mainly based on the
assumptions made for the equation calculations, the TML charac-
teristics, the frequency of operation as well as the quality and pre-
cision of the on-wafer measurements conducted with the VNA
[88]. Overall, the use of these de-embedding methods provides
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with a good estimation for the values of the lumped elements
within the active region of the diodes that are a valuable tool
for the characterization and analysis of their physical properties.

Conclusion

Within the base stations of the future 5G wireless communication
networks, UTC-PDs will play a crucial role in interfacing the
optical domain of passive optical networks and the mm-wave
generation, due to their low-cost, broad bandwidth, and high sat-
uration RF currents. UTC-PDs integrated with high-speed elec-
tronics will offer a compelling solution supporting the huge
amount of 5G end-users. The design of such complex systems
requires an accurate knowledge of the equivalent circuit of
UTC-PDs and especially their active region. Such process will
provide with a good overview on the bandwidth and the output
powers of the generated signals that flow toward the radiating
mm-wave antennas. However, the complex nature of the electrical
TMLs linked to the diodes do not allow their simulation with
lumped elements leading to the implementation of mathematical
de-embedding equations. This paper summarizes and compares
de-embedding techniques that focus on the importance of remov-
ing the parasitic effects added by the waveguides and are capable
of extracting the junction capacitance and series resistance of
UTC-PDs, as well as verifies them with a set of devices designed
and fabricated at III-V Lab. The open-short and the
S-parameter-based de-embedding techniques are applied on
experimental data leading to circuit simulations. It is observed
that a systematic error is added by the open-short method that
was thoroughly studied and it is highly dependent on the diodes’
reverse bias, the frequency of operation, and the complexity of the
TML parasitics. The mathematical removal of this error led to the
derivation of an updated equation that eliminates its impact.
Moreover, the assumptions made in defining the
S-parameter-based equation are tested by simulations calculating
the significance of these assumptions. Satisfactory results were
provided since minimal error is introduced. A thorough compari-
son between these methods led to the convergence of the cor-
rected with the S-parameter-based method. As a result, the
error of difference between the experimentally extracted C; and
R, for all techniques is not high making them reliable candidates
for the calculation of the characteristic features of the UTC-PDs.
Finally, the improvement upon the de-embedding techniques that
is proposed with the corrected method minimizes the inaccuracies
introduced in the circuit modeling.
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