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ABSTRACT

IMPROVED WILKINSON POWER DIVIDER
STRUCTURES FOR MILLIMETER-WAVE
APPLICATIONS

Batuhan Siitbag
M.S. in Electrical and Electronics Engineering
Advisor: Abdullah Atalar
January 2019

Communication systems, radars, electronic warfare and space applications desire
integrated circuits with higher operating frequencies. Working at the millimeter-
wave region increases data rates, provides a more efficient use of the spectrum
and enables smaller products. Power dividers are used as building blocks for such
applications to split and combine RF signals. Wilkinson power divider is one of
the most commonly used topology, providing high return loss and isolation with
low insertion loss. However, it occupies valuable chip area, has a limited band-
width, requires accurate modeling and precise fabrication. In addition, the layout
becomes complicated for three or more outputs and cannot be realized on a pla-
nar circuit. This work presents three techniques to address the drawbacks of the
original Wilkinson divider. The first structure achieves a compact size without
bandwidth degradation and provides additional physical isolation at the output.
The second divider improves the bandwidth of operation and increases tolerance
to sheet resistance variance, enabling robustness and higher yields. The third
technique simplifies the layout of three-way dividers and allows a planar fabri-
cation technology. The proposed structures are analyzed using even-odd mode
analysis and design equations are derived. Three high performance dividers with
30 GHz center frequency are designed employing the developed methods. The cir-
cuits are realized using GaN based coplanar waveguide and microstrip monolithic
microwave integrated circuit technology. Experimental results demonstrate good
agreement with theory and simulations, proving that the presented improvements

could be useful in future millimeter-wave RF applications.

Keywords: Wilkinson power divider, coplanar waveguide, microstrip, millimeter-
wave, Ka-band, integrated circuit, compact, wide band, process independent,
sheet resistance, tolerance, planar, three-way.
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OZET

MILIMETRE-DALGA UYGULAMALARI IQIN

GELISTIRILMIS WILKINSON GUC BOLUCU
YAPILARI

Batuhan Siitbag
Elektrik ve Elektronik Miihendisligi, Yiiksek Lisans
Tez Danigmani: Abdullah Atalar
Ocak 2019

Tletisim sistemleri, radarlar, elektronik harp ve uzay uygulamalari, daha yiiksek
frekanslarda caligan entegre devreler istemektedir. Milimetre dalga bandinda
caligmak, veri hizim1 artirmakta, spektrumu daha verimli kullanmay1 saglamakta
ve daha kiigiik iiriinler ortaya ¢ikarmaktadir. Giig bolticiiler bu tiir uygulamalarda
RF sinyalleri bolmek ve birlegtirmek icin kullanilan yapi taglarindandir. Wilkin-
son gii¢ boliicii diigiik kayipla yiiksek yansima kaybi ve izolasyon sagladigi i¢in en
yaygin olarak kullanilan topolojilerden biridir; ama ¢ok yer tutar, sinirhi bir bantta
caligir, isabetli bir model ve kusursuz tiretim gerektirir. Ayrica, ii¢ ya da daha ¢ok
¢ikig icin serim karmagiklasir ve diizlemsel bir devre iizerinde gergeklenemez. Bu
caligma, Wilkinson boliiciisiiniin sorunlarini ¢ézmeye yonelik olarak ii¢ teknik sun-
maktadir. Birinci yapi, bandi daraltmadan devre alanini kii¢iiltmekte ve cikigtaki
fiziksel izolasyonu artirmaktadir. Ikinci boliicii, caligma bandin genigletmekte ve
tabaka direncindeki degisimlere toleransi artirarak dayanikliligi ve ¢caligma oranini
iyilegtirmektedir. Ucgiincii teknik, ti¢ kollu boliicillerin serimini sadelestirmekte
ve diizlemsel iiretim yontemleri ile tiretilebilmelerini saglamaktadir. Yapilar, es-
z1it mod analiziyle ¢oziilmiis ve tasarim denklemleri ¢ikarilmistir. Gelistirilen
yontemler kullanilarak 30 GHz merkez frekansh ve ytiksek performansh ii¢ boliici
tasarlanmigtir. Tasarlanan devreler GaN tabanl egdiizlemli dalga kilavuzu ve
mikrogerit temelli MMIC teknolojisi kullanilarak tiretilmistir. Deneysel sonuclar,
teori ve benzetimler ile uyugmakta ve sunulan yontemlerin gelecek milimetre dalga
RF uygulamalarinda yararl olabilecegini gostermektedir.

Anahtar sézcikler: Wilkinson giig boliicii, egdiizlemli dalga kilavuzu, mikroserit,
milimetre-dalga, Ka-bant, entegre devre, yogun, genig bantli, iiretimden bagimsiz,
tabaka direnci, tolerans, diizlemsel, ti¢ yonlii.
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Chapter 1

Introduction

Power dividers are typically three-port devices widely used in power amplifiers,
mixers and phased arrays to split and combine RF signals. Ideally, a power
divider divides the input signal into two output signals with equal amplitude and
equal phase without additional insertion loss. All three ports are matched to the

reference impedance.

However, basic network theory shows that a three-port device composed of
only isotropic materials cannot be passive, perfectly matched at all ports and
lossless simultaneously [1]. In order to prove this statement, assume that the
opposite of it is true, and a three-port power divider with a scattering matrix [S]

achieves the three properties at the same time.

S11 Sz Sis
[S] = |Sa1 Saa Sog (1'1)
Sa1 Sza Ss3

Since the device is passive and does not contain anisotropic materials, it is a
reciprocal network, and the S-matrix must be symmetric with Si5 = Sa1, Si3 =
531 and 523 = 832.



All diagonal entries of the S-matrix must be 0, because all three ports are

matched to the corresponding port impedances, then Sy; = Ss = S33 = 0.

If the network is lossless, it implies that the S-matrix is unitary with SS* = I,
where [ is the identity matrix. Combining this with the previous results, the

following conditions are satisfied.

|Shal” + |S1s]* = 1 (1.2)
|S1a|* + [Sas)? = 1 (1.3)
|S13]* + |Sas]* = 1 (1.4)
S12513 =0 (1.5)
1555 = 0 (1.6)
S13523 =0 (1.7)

At least two of the entries (Si2, S13, S23) must be zero for (1.5)—(1.7) to hold.
However, in that case, at least one of (1.2)—(1.4) fails to be true. This contra-
diction establishes the fact that it is impossible to build a three-port passive,

matched and lossless device using only isotropic materials.

In 1960, Ernest Wilkinson invented the famous Wilkinson power divider [2]
which achieves perfect input and output port matching and complete isolates
the output signals at the center frequency. The Wilkinson power divider uses

two quarter-wave length transmission lines with characteristic impedances of /2

2



times the reference impedance (Zy) between the input port and the two output
ports in order to achieve port matching. The device obtains port isolation using
a resistor which bridges the output ports with a resistance of 27,. When an
RF signal enters the input port, two RF signals with equal phase and equal
amplitude appear at the output ports. Thanks to the bilateral symmetry of the
Wilkinson power divider, there is no current flow through the resistor, because
the output signals at the each end of it are identical, and the device works without
any additional loss. However, when any of the two output ports is excited, half
of the total power reaches the input port, while the other half is dissipated in
the isolation resistor. The device avoids the impossibility of being a passive,
matched and lossless three-port network by having a 3dB loss when it is excited
in the opposite direction. Nevertheless, when the two output ports are excited
simultaneously with two identical signals, the network acts as a combiner and the

total power is delivered to the input port without loss.

2ol

3 A

Figure 1.1: Schematic of the original two-way Wilkinson power divider structure.

Although the Wilkinson power divider has been desirable as a part of mi-
crowave circuits and systems for many years since its invention, it has the follow-

ing drawbacks.

e The circuit occupies valuable chip area due to its quarter-wave length arms.

e [t is difficult to avoid coupling between the transmission line arms since

they need to be separated by a single resistor at their output terminals.

3



e The separation that a single resistor provides is not enough to maintain

physical spacing and isolation between the output ports.
e Quarter-wave length arms of the divider limit the operational bandwidth.

e Circuit performance degrades quickly with variations in the value of the

isolation resistor.

e Three-way version of the power divider requires a complicated layout be-

cause the three isolation resistors cannot be realized on a planar circuit.

e [t is difficult to construct a layout for the three-way version of the power
divider with sufficient spacing between the transmission line arms since the

lines are required to come close for bridging resistors.

This work presents improved structures for the Wilkinson power divider to
overcome the aforementioned problems. The modified topologies are analyzed
using S-parameter relations and even-odd mode analysis technique. The proposed
methods are employed to design three high performance dividers at Ka-band. The
designs are implemented using gallium nitride (GaN) based coplanar waveguide
(CPW) and microstrip (MS) monolithic microwave integrated circuit (MMIC)
technology. All of the fabricated devices are measured and comparison with the
simulation results are presented at the end of each chapter. The experimental

results prove that the proposed methods are applicable at mm-wave frequencies.

Chapter 2 explores the trade-off between the size and the bandwidth of the
Wilkinson power divider. A power divider structure with compact size and wide
bandwidth is introduced. Size of this structure can be arbitrarily miniaturized by
loading the transmission line arms capacitively while the associated bandwidth

degradation is compensated with additional circuit in the isolation network.

In Chapter 3, sheet resistance dependence of the Wilkinson power divider
performance is investigated. Improved isolation network of the proposed power
divider structure achieves wide bandwidth and process independence at the same

time. This increases the robustness of the design and allows the devices to be



placed outside the normally unusable edge exclusion zone on the photomask where

sheet resistance variance can be very high.

Chapter 4 analyzes a planar three-way power divider structure which uses
only two isolation resistors. Planar devices are easier to model and fabricate
making them more reliable. Layout of the three-way Wilkinson power divider
is simplified as the power division is obtained by line coupling. Also, since the
topology inherently needs the transmission line arms close to each other, the

spacing between them is not an issue anymore.



Chapter 2

A Compact Size Power Divider
Structure with Wide Bandwidth

Ideally, the Wilkinson power divider provides perfect port matching and output
isolation at the design center frequency. However, it occupies valuable chip area
in MMICs due to its quarter-wave length arms. Studies have shown that the
circuit size can be reduced by capacitive [3, 4] and inductive [5] line loading or by
replacing the transmission lines with their lumped element equivalents [6]. More
compact design topologies reduce the 36% fractional bandwidth for 20 dB return
loss and isolation levels of the original divider. On the other hand, researchers
obtained improved bandwidth capability by increasing the number of sections
in the Wilkinson power divider [7] or by modifying the isolation network [8].
However, divider topologies for wide band applications with higher fractional
bandwidth consume more chip area. Design of a small size and wide band power
divider is difficult due to the trade-off between the size and the bandwidth of

power dividers.

The proposed two-way power divider structure not only reduces the circuit size,
but also compensates for the related bandwidth degradation. The improvement
in the compact size and wide bandwidth trade-off is obtained by capacitive line

loading and a series symmetrical RLC resonant circuit at the isolation network.



2.1 Analysis and Design Equations

Proposed network for the modified Wilkinson power divider and its even-odd
mode equivalents [9] are shown in Fig. 2.1 and Figs. 2.2-2.3. Shunt capacitors
are added at the input and output ports to decrease the length of the transmis-
sion line arms. A series RLC resonant circuit is used as the isolation network.
The inductor and capacitor values in the isolation network, L;s, and Cj,,, are op-
timized to improve the overall bandwidth performance. The series RLC' circuit
is kept symmetrical to preserve the bilateral symmetry of the overall structure.
Component values for perfect port matching and isolation at the design center

frequency are found using even-odd mode analysis.

1 G
Z, fl T
1 I
_;_ Ll'so ZO
126 C.
1
2Ris0
Ciso
I
ZO % Zc, ﬂl iso ;

1 M
— — Z
G,

Figure 2.1: Schematic of the proposed compact Wilkinson power divider structure
with the electrical design parameters.

In [10], it is shown that, in order to obtain input/output reflection coefficients
and isolation better than a desired level of ¢, it is sufficient to design for even-
mode (I'.) and odd-mode (I',) reflection coefficients better than 6. Therefore, the

even-mode reflection coefficient of the circuit given in Fig. 2.2 should satisfy
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Figure 2.2: Even-mode analysis for the proposed compact divider.

Z,— 7,
.| = > +Z§ <6 (2.1)
_ ; 2%/ Z¢,) + jZ. tan(BL]) I Ze (2.2)
© 24§22 ) Zoy) tan(BLf) "

at the bandwidth of interest. Similarly, the odd-mode reflection coefficient of the

circuit shown in Fig. 2.3 should satisfy

Zy — Ly
. P 2 f Risociso + (4 2f2 2LisoCiso —1
2, = jZetan(01f)  Zey T Crn LTS SNC)
0%“iso

Here, Z¢, and Z, are the complex impedances of the capacitors Cy and Cy. Z.
is the characteristic impedance and I is the electrical length of the divider arm
at the design center frequency, fy. Also, f is the normalized frequency f/f, and

Zy is the characteristic impedance of the system.

Le
|odd Z, pl Hodd

[ 2

éLiw T
Cy Zog
Ri

1

Figure 2.3: Odd-mode analysis for the proposed compact divider.



The required component values can be found analytically for zero even and odd
mode reflection coefficients at fy. Admittance parameters are used to simplify
the derivation for design variables. For perfect port matching in the odd-mode

equivalent circuit

1 _ 1
— = Yo =727 foCs +

S (2.5)
Zo R;s, J Z.tan 3l ’

and equating the real and imaginary parts separately, value of the isolation resis-

tor, R;s, and a relation between Z, and C5 are found.

Riso — Z() (26)
1
Co=— (2.7)
2n foZ.tan Sl

Similarly, for perfect port matching in the even-mode equivalent circuit

1 .
— =Y =027 fo + Yy, (2.8)
Zy

Yo + jan foCh + 52Y. tan 5l

}/in e -
2Y,. — 4w foC} tan Bl + 7Y, tan [l

(2.9)

and solving the admittance equation, another relation between Z. = 1/Y. and
the capacitor values, C; and Cj is found. Separating the equation into real and

imaginary parts, two new equations are obtained

2Y,Y. + 2Y, Y. tan? 3l
Re(Y;) = Yi ¥ + 2Xo¥. ton” Y _ v, (2.10)
A(Y, — 27 foC} tan B1)° + Yy” tan? 5l




Yy? + 27 fo2C? — 4Y.2 — Y.(1 — tan?
Im(Y;,) :YC( o° + 21 fo CF .*) tan Bl 287rf026’1 (1 — tan? Bl) e
4(Y, — 27 foC} tan BI)” + Yy” tan? 81

(2.11)

and solving them together, a single analytical result is calculated. The capacitor

values and the line impedance in terms of Sl are found as

V27,
Lo = 2.12
¢ sinpl ( )
V2 cos il
C, X5 — i N (2.13)

Also, the resonance frequency of L;y, and Cj,, at the isolation network is fo and

1

A fg

LisoCiso = (214>

2.2 Circuit Design

The component values derived in the previous section can be optimized to achieve
S-parameter levels better than ¢ in a bandwidth of BW, as perfect port matching
at the center frequency is unnecessary. Fig. 2.4 compares the obtainable fractional
bandwidth (FBW = BW/ f;) using capacitive loading with and without a series
RLC compensation network. Points on the 5l = 90 degrees line with only capaci-
tive loading indicate the original Wilkinson power divider performance, the 20 dB
return loss and isolation bandwidth is 36%. The line length can be arbitrarily
shortened using capacitive line loading, but the bandwidth becomes limited. The
additional circuitry in the isolation network boosts the divider bandwidth and the
drawback of building a small circuit is avoided. For good performance balanced

amplifiers, one needs dividers with § values of 0.1 or even smaller [11]. Therefore,

10



i == _25 dB BW (C-loading) 1
0.05- 25 dB BW (C-loading and RLC)|
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Ol

Figure 2.4: Fractional bandwidth capability of the Wilkinson power divider as a
function of the electrical length of the capacitively loaded transmission line arm
with and without series RLC compensation circuit for 20dB (6 = 0.1) and 25dB
(0 = 0.056) return loss and isolation levels.

O\\\\
5 1

the goal of the miniaturized prototype divider is to achieve 20 dB return loss and

isolation at the operational bandwidth.

A power divider at Ka-band with 30 GHz center frequency is designed to
demonstrate the presented technique. The electrical length of the transmission
line arm is reduced to A\/9 (40 degrees) which corresponds to a length reduc-
tion of 55% with a characteristic impedance of Z. = 90 after optimization for
bandwidth. Fig. 2.4 shows that for the chosen size reduction ratio, using the two
techniques together instead of using line loading only increases the 20 dB return
loss and isolation bandwidth from 17% to 32% which is a key improvement for
small size and wide band power dividers. (2.12) shows that if a higher reduction
ratio is desired, higher and infeasible Z. values are necessary. However, addi-
tional structures can be used to artificially increase the line impedance for ultra

compact dividers.

11



The original Wilkinson power divider requires the transmission line arms to
come closer at their output ends as they need to be connected to the isolation
resistor. This becomes an issue because physical isolation between output ports
cannot be maintained and line coupling is problematic especially at high frequency
designs. It is possible to add extra transmission line segments with phase 6.,
between the output ports and the isolation resistor to overcome this problem.
However, this limits the bandwidth unless the transmission line arms are also
extended by the same length, 6., which increases the total circuit area [12].
Another approach is to place the isolation network closer to the input port so that
the output ports can have additional physical isolation [13]. However, in that case,
divider bandwidth and return losses degrade significantly. The proposed structure
avoids the complications related to output port isolation as the additional LC'
resonant circuit in the isolation network provides the necessary spacing. Thus,
the undesired and unpredictable coupling effect between the quarter-wave length
arms which becomes more unforgiving at higher frequencies is mitigated without

increasing the circuit area.

The CPW transmission line arms of the divider design are 13nm wide with
52pm gap to the ground plane. A metal-insulator-metal (MIM) capacitor is used
to realize the shunt capacitor C at the input port, whereas the shunt capacitors
Cs, at the output ports are obtained by parasitic capacitances of the tee junctions.
Distance between the capacitive load C; and the node of the tee junction is 84 pm
(A/52) and directly affected by the ground spacing of the CPW line. At higher
operating frequencies, electrical length of this distance becomes significant. In
that case, it might be better to use a cross junction instead, and place C; as
close as possible to the loaded line. Air-bridges are concentrated at tee junctions
to prevent undesired fringing effects. Inductive effect in the isolation network
is achieved by using transmission lines in order to provide additional physical
distance between the output ports. This becomes especially useful in balanced
amplifiers when power is split to two transistors, because the transistors need to
be reasonably separated, longer than a single 100 €2 resistor allows. The overall
circuit size is less than 0.54mm x 0.88 mm including the measurement pads.

Layout design of the divider is shown in Fig. 2.5.

12
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Figure 2.5: Layout of the compact two-way divider meshed for EM simulation.
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2.3 Fabrication and Measurement Results

The modified compact and wide band Wilkinson power divider design at Ka-band
is fabricated using a coplanar waveguide MMIC process with two metal layers.
SiC substrate thickness is 300 pm and the dielectric constant (e,) is 9.66. Thin
film resistors are formed using Ni-Cr with a sheet resistance of 15Q /0. MIM
capacitors use Si;N, as an insulator with a dielectric constant of 7.35. Fig. 2.6

shows the microscope image of the fabricated divider.

Figure 2.6: Microscope photograph of the compact two-way divider.

SEM image of the air-bridges across the divider arm is shown in Fig. 2.7. The
air-bridge height is approximately 4 pm with 12 pm length and 5 pm open-end gap
width at either side. Another image of the isolation network in Fig. 2.8 shows the
resistor dimensions and the additional air-bridges used at the series capacitors to

provide a smooth metal path preventing possible cracks and increasing yield.
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10 um EHT = 1000 kV Signal A = SE2 Time :16:05:26 Gun Yacuum = 1.678-007 Pa
Wi = 14.0mm Mag= 247 X Dafe :3Jan 2019 System Vacuum = 5.17e-004 Fa

Figure 2.7: A scanning electron microscope image of the air-bridges.

10 um EHT = 1000 kV Signal A = SE2 Time 16:06:41 Gun Yacuum = 1.678-007 Pa
Wi = 14.0mm Mag= 3297 X Dafe :3Jan 2019 System Vacuum = 4.452-004 Fa

Figure 2.8: A scanning electron microscope image of the isolation network.
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3-port on-wafer calibration and measurements are performed using Cascade!
RF wafer probe station, GGB? GSG150 picoprobes and R&S* ZVA40 vector
network analyzer. The simulated* and measured S-parameter values of the power
divider are shown in Figs. 2.9-2.12, demonstrating the good agreement between
them. The divider achieves 26 dB input and output port matching and 24 dB
isolation with 0.2 dB extra insertion loss at the design center frequency of 30 GHz.
The measured input and output return losses are better than 20 dB from 25.7 GHz
to 33.9 GHz. The measured isolation between output ports is at least 20 dB and
the measured extra insertion loss is less than 0.3dB from 27.2 GHz to 35.5 GHz.
The amplitude imbalance and the phase imbalance at the output ports across the
operational bandwidth are less than 0.1dB and 1.3°, respectively. The overall
20dB performance is achieved from 27.2 GHz to 33.9 GHz and the operational
fractional bandwidth is 22%. A comparison of this work with recent studies at

high frequencies is tabulated in Table 2.1.
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Figure 2.9: Simulated and measured parameters associated to input reflection
coefficient of the compact divider as a function of frequency.

!Cascade Microtech, Inc., Beaverton, OR 97008, USA

2GGB Industries, Inc., Naples, FL 34104, USA

3Rohde & Schwarz GmbH & Co. KG, Munich, Germany

4ADS 2016.01, Keysight Technologies, Inc., Santa Rosa, CA 95403, USA
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Figure 2.10: Simulated and measured parameters associated to output reflection
coefficients of the compact divider as a function of frequency.
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Figure 2.11: Simulated and measured parameters associated to isolation of the
compact divider as a function of frequency.
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Figure 2.12: Simulated and measured parameters associated to insertion losses of
the compact divider as a function of frequency.
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Chapter 3

A Power Divider Structure

Tolerant to Resistance Variance

The Wilkinson power divider ideally provides matched conditions at all ports
and high isolation between the output ports with low insertion loss. The Gysel
power divider [14] is another popular divider structure with the same attractive
properties and has an additional high output power handling capability at the cost
of increased circuit area. Recent works show that combining the Wilkinson power
divider and the Gysel power divider isolation networks increases the operational
bandwidth [15]. However, for all divider structures, the high performance and
bandwidth is dependent on the accuracy of the resistors. Researchers aim to
minimize the sheet resistance variance to obtain high performance dividers in
integrated circuits by optimizing the fabrication processes [16, 17]. Although
many other structures in the integrated circuits also benefit from a more stable
fabrication process, it is a highly expensive and time-consuming solution without
tackling the core issue of the structures. The more general solution is to make
the design structures tunable after fabrication and measurements or to have an
inherent process independence. The former is difficult in the case of integrated
circuits, whereas the latter can be achieved utilizing the local uniformity of sheet

resistance in fabricated wafers.
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In this chapter, a power divider structure is introduced to achieve a wide band
divider with tolerance to high sheet resistance variances. The presented method
not only adds robustness to the divider, but also the normally unusable edge
exclusion zone becomes available for devices, this wasted area can be as high as

8% of the useful area for a 3-inch wafer with a typical 3mm edge exclusion.

3.1 Analysis and Design Equations

Proposed network for the sheet resistance tolerant power divider is shown in
Fig. 3.1. The isolation network resembles a combination of the Wilkinson and
Gysel divider isolation networks. The divider requires one bridging resistor R;
and two shunt resistors with resistance values of Rs. The structure uses six
quarter-wave length transmission lines, #; = 0y = 63 = 7/4 at the center fre-
quency with characteristic impedances of Z;, Z5 and Z3. The network is analyzed
using the even-mode equivalent circuit in Fig. 3.2 and the odd-mode equivalent
circuit in Fig. 3.3. Similar to the analysis in Chapter 2, even-mode (I'.) and odd-
mode (I',) reflection coefficients better than ¢ is aimed to obtain input/output

reflection coefficients and isolation better than a desired level of 4.

Resistor values in discrete circuits are independent. Therefore, it is difficult to
design a circuit which is tolerant to deviations from nominal resistances. However,
resistor values in an integrated circuit are related through sheet resistance of
the resistive material. Although the sheet resistance varies between subsequent
fabrications, the variation in a reticle in a single wafer is negligible. In the circuit
analysis, a sheet resistance factor of p is added to the design equations to represent
the deviation in resistor values and it is assumed that all of the resistors on the
device change with the same factor. In the ideal case, the resistor values would

not change with p = 1.

Even-mode impedance of the original Wilkinson power divider is independent
of the sheet resistance factor p, since the isolation resistor is open circuited. At

the design center frequency, the even-mode network of the proposed structure is
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Figure 3.1: Schematic of the proposed sheet resistance tolerant power divider.

equivalent to that of the original Wilkinson power divider. At lower and higher
frequencies, the transmission line arms and the additional shunt resistor Ry pro-
vide better port matching, which results in a wider band compared to the original
network. Although the additional circuitry in the even-mode adds a sheet resis-
tance dependence, the effect is very minimal and can be ignored. This is clearly
demonstrated with the simulation results in Fig. 3.7, and measurement results in
Fig. 3.13. For even-mode reflection coefficient better than § with the presented

structure, one needs

Ze— Zy
Ze+ Zy

Te| =

2200+ 54T 7 pZsRy — pZoRyT? + j Zo Z3T

Le = ‘ . ‘
Y20+ 5220 " 7? ZyZs + jpZaRaT + jpZsRoT
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Figure 3.2: Even-mode equivalent schematic of the proposed sheet resistance
tolerant power divider.

with T = tan(wf/2) where f is the normalized frequency f/fy. At the center
frequency fp, the even-mode impedance can be simplified and line impedance Z;

can be found for perfect matching.

Z2
Z,=—L =7 3.3
27, 0 (3.3)

7, =27, (3.4)

Similarly, for odd-mode reflection coefficient better than ¢ with the presented

structure, one needs

Zo— 2y
Zo+ 2y

ITol =

<40 (3.5)

Z5Z5T* — jpZaRyT — jpZs Ry

T
Ry [ jZ0T 3.6
pZoRy — pZsRoT + jZ2Z5T /| PRy 12, (3.6)

ZO:ZQ

in the bandwidth of interest. Odd-mode impedance of the original Wilkinson
power divider is Z!V = pZ, at the center frequency. In this case, the odd-mode

reflection coefficient TV of the original Wilkinson power divider is

wi_ |p—1
Wopwp+1‘ (3.7)
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Figure 3.3: Odd-mode equivalent schematic of the proposed sheet resistance tol-
erant power divider.

and dependent on sheet resistance variance. The presented structure aims to
cancel these dependencies at the odd-mode, improving the output return loss

and isolation tolerances.

In the odd mode equivalent circuit of the proposed structure, the resistors R;
and Ry are connected in parallel after a quarter-wave transformation. For p > 1,
both of the resistor values increase, however, the increase in Ry is translated
as a decrease after quarter-wave transformation. Due to the cancellation in the
parallel sum, the overall impedance stays nearly unchanged. Similarly, when the
sheet resistance is lower than its nominal value with p < 1, impedance at the
output node preserves the same cancellation effect with little change. For perfect
matching at the center frequency, Ry = Ry = Zy = 27, is one of the possible
solutions and it is used for the rest of the analysis. The bridging arm impedance
Z3 is not critical and can be optimized for best tolerance response in the band.

The odd-mode impedance of the proposed structure at the center frequency is

2pZ0
L, = 3.8
In this case, the odd-mode reflection coefficient becomes
(p—1)? 2
D, = - —= = [TV| (3.9)

(p+1)2
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which shows that at odd multiples of the center frequency, the proposed di-
vider achieves twice the odd-mode reflection coefficient that the original divider
achieves in dB-scale. Fig. 3.4 shows the odd-mode reflection coefficient improve-
ment in [0.5fy, 1.5fo] for 0.7 < p < 1.3 based on (3.6) with Ry = Ry = Zy = 2%
and Zs = Z, = V2Z,. Odd-mode reflection coefficient of the original Wilkinson
power divider is below 20 dB for more than 18% deviation in p, while the proposed
divider still achieves 40 dB return loss at that point. The proposed structure al-
lows a 48% change in p before the 20 dB crossing. In a practical design, component
values can be optimized for the desired sheet resistance tolerance, matching level

and bandwidth to obtain further improvement.

Although the proposed divider introduces additional transmission lines to the
original design, line impedance is a more forgiving design parameter in the sense
that it changes slowly with respect to deviations in the physical parameters. For
instance, an unlikely +20% perturbation in substrate height results only in a 5%
change in line impedance. Moreover, line width, substrate height and substrate

permittivity are more robust to process variations compared to sheet resistance.

-60 k |FO| (Proposed divider)
(R |Fo| (Wilkinson divider)

_70 [ PR S S U TR S SN SN SN S S S SN ST SO SRS (ST ST ST SN S ST ST SN SN SN ST SN S NN S S SN S NS SN SR S S S S St ]
05 06 07 08 09 1 11 12 13 14 15
Normalized frequency

Figure 3.4: Odd-mode reflection coefficient of the proposed power divider versus
the original Wilkinson divider for +£30% deviation in sheet resistance.
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3.2 Circuit Design

Component values of the proposed structure are optimized for tolerance and
bandwidth, starting from an initial point based on the analysis in the previous
section. A comparison of the ideal fractional bandwidth performance of the op-
timized divider, Wilkinson divider and Gysel divider is shown in Fig. 3.5. The
proposed structure nearly doubles the operational bandwidth for 20 dB return loss
and isolation levels. Moreover, change in sheet resistance affects the performance
and decreases the overall bandwidth for both Wilkinson and Gysel dividers. Gy-
sel divider does not work anymore after 30% reduction in the resistor values,
whereas bandwidth of the Wilkinson divider is halved. At the same conditions,

the proposed divider preserves its original bandwidth.
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Figure 3.5: Fractional bandwidth capability of the proposed power divider versus
the original Wilkinson and Gysel power dividers as a function of the deviation in
sheet resistance for 20dB (0 = 0.1) return loss and isolation levels.

A wide band and sheet resistance tolerant modified Wilkinson power divider is
designed at Ka-band with 30 GHz center frequency. Top view of the layout of the
divider is shown in Fig. 3.6. For the simulations!, a three-dimensional electro-

magnetic model is used to account for line coupling and via electric fields, since

'HFSS 12, ANSYS, Inc., Canonsburg, PA 15317, USA
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Figure 3.6: Three-dimensional layout of the sheet resistance tolerant divider for
FEM simulation.

they are next to the transmission lines. The quarter-wave length line impedances,
Zy, Zy and Zg are 712, 1022 and 63 €2, respectively. The bridging resistor Ry is
160 €2 and the shunt resistors Ry are 96 €). The transmission lines are meandered
for a compact design. The total circuit size is 2.58 mm x 1.02 mm including all

measurement pads.

The designed layout is simulated with different sheet resistance values rang-
ing from 21Q/0 to 39Q/0 (using 0.3Q/0 steps) with £30% change around
the nominal sheet resistance of 30€2/[J. The simulation results are presented in
Figs. 3.7-3.10. According to the simulation results, the divider is capable of at
least 20dB port matching and isolation from 22.1 GHz to 38.0 GHz with 53%
fractional bandwidth when the sheet resistance is not altered by the fabrication
process. The bandwidth decreases slightly even if there is a £30% change in
sheet resistance. The 20dB return loss and isolation bandwidth in that case is
from 23.9 GHz to 37.2 GHz with 44% fractional bandwidth. The extra insertion
loss is less than 0.45dB at the center frequency for all of the swept simulations.
Simulation results show that the worst case scenario happens when the sheet
resistance deviation is the highest. Hence, it is efficient to design the divider
by only checking the performance at the sheet resistance corners with +|1 — p

variations.
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Figure 3.7: Simulated parameters associated to input reflection coefficient of the

divider tolerant to +30% change in sheet resistance as a function of frequency.
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Figure 3.8: Simulated parameters associated to output reflection coefficients of

the divider tolerant to +30% change in sheet resistance as a function of frequency.
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Figure 3.10: Simulated parameters associated to insertion losses of the divider

tolerant to +30% change in sheet resistance as a function of frequency.
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3.3 Fabrication and Measurement Results

Width of the resistors in the divider design are intentionally altered to artificially
decrease and increase all resistor values by 30%. The designed power divider
and the altered dividers are fabricated using a microstrip MMIC process with
two metal layers. SiC substrate is 100 pm thick with a dielectric constant (e,)
of 9.66. Thin film resistors are formed by TaN sputtering with a nominal sheet
resistance of 30(2/0. Fig. 3.11 shows the SEM image of the fabricated nominal
power divider along with close-up SEM photos of the resistors R; and Rs.

m ©

Figure 3.11: Scanning electron microscope photograph of: (a) the nominal sheet
resistance tolerant divider; (b) R; of the divider; (c¢) Ry of the divider.
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SEM photographs of the fabricated dividers with intentionally modified resis-
tors to have 30% lower and 30% higher resistance than the intended values are

shown in Fig. 3.12 with associated dimensions displayed on the resistor close-ups.

(c) (e)

Figure 3.12: Scanning electron microscope photograph of: (a) the sheet resistance
tolerant divider with smaller resistances; (b) the sheet resistance tolerant divider
with larger resistances; (c) Ry of the divider with smaller resistances; (d) Ry of
the divider with smaller resistances; (e) Ry of the divider with larger resistances;

(f) Ry of the divider with larger resistances.
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3-port on-wafer calibration and measurements are performed using Cascade
RF wafer probe station, GGB GSG150 picoprobes and R&S ZVA40 vector net-
work analyzer. The measured S-parameter values of the sheet resistance tolerant
power divider are shown in Figs. 3.13-3.16, proving tolerance of the divider to
resistance variations. In the graphs below, the three separate curves represent
the measurement results for the nominal design, the design with resistor values
intentionally decreased by 30% and the design with resistor values intentionally
increased by 30%. The measured center frequency is 27.3 GHz and shifted ap-
proximately 9% to lower frequencies. However, the bandwidth and performance
of the divider is parallel to design expectations. The divider has at least 20dB
input/output return losses and isolation from 21.9 GHz to 32.7 GHz with 40%
fractional bandwidth even if its resistor values are increased or decreased by 30%.
The nominal design achieves a 50% fractional bandwidth with an extra insertion
loss less than 0.45dB. The sheet resistance measured from process control moni-
tor test structures around the fabricated wafer is about 28.5 /] which is 5% less
than the simulated parameter. Therefore, the bandwidth degradation when the
resistor values are decreased is slightly worse than the simulation expectations of
44% fractional bandwidth as shown in Fig. 3.15.

The nominal design achieves an input return loss better than 20dB from
17.6 GHz to 33.1 GHz with a fractional bandwidth of 61%. Output return loss
of the divider is at least 20dB from 18.5 GHz to 32.7 GHz with a fractional
bandwidth of 55%. When the £30% change in sheet resistance is imposed, the
fractional bandwidths for 20 dB input and output return losses decrease to 56%
(18.6 GHz to 33.1 GHz) and 49% (19.8 GHz to 32.7 GHz), respectively.

The nominal design provides isolation better than 20dB from 19.7 GHz to
more than 40 GHz. The isolation is at least 20dB from 21.9 GHz to more than
40 GHz even if the sheet resistance deviates up to 30% from its nominal value.

The additional insertion loss is less than 0.25dB at the center frequency and less
than 0.5 dB from 19.4 GHz to 34.0 GHz despite a 30% change in sheet resistance.
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Figure 3.13: Measured parameters associated to input reflection coefficients of the
divider tolerant to +30% change in sheet resistance as a function of frequency.
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Figure 3.14: Measured parameters associated to output reflection coeflicients of
the divider tolerant to +30% change in sheet resistance as a function of frequency.
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Figure 3.15: Measured parameters associated to isolation of the divider tolerant
to £30% change in sheet resistance as a function of frequency.
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Figure 3.16: Measured parameters associated to insertion losses of the divider
tolerant to +30% change in sheet resistance as a function of frequency.
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Chapter 4

A Planar Power Divider
Structure with Three Output
Ports

Two-way power dividers are usually preferred over three-way power dividers since
high power MMICs typically have 2V active devices at the output stage, where N
is a positive integer. Moreover, three-way power divider layouts require isolation
resistors between each output port or the isolation resistors need to be connected
in a common floating node which result in a non-planar divider structure [18, 19].
Also, the standard three-way divider topologies cannot easily accommodate the
necessary spacing for the three transmission line arms without cross-coupling. On
the one hand, the divider requires three-dimensional process and complicates the
fabrication technology. On the other hand, as the design complexity increases,
a predictable model becomes more difficult. However, three-way power dividers
might still be suitable for mm-wave MMICs with 3 or 6 output transistors de-

pending on the output power and efficiency requirements.

Researchers have used coupled line structures to make use of the inevitable
coupling between divider arms [20, 21] and studies have revealed that the third

isolation resistor can be omitted in such a structure to have planarity, sacrificing
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high return loss and isolation performance in return [22, 23]. The proposed
three-way planar power divider structure in this chapter can operate at mm-
wave frequencies with its high-frequency components. The structure utilizes a
five-line coupling network to achieve power split, therefore it also offers DC block
capability at all RF ports. The sacrificed return loss performance is recovered by
additional reactive matching at the output ports without increasing the circuit

size.

4.1 Analysis and Design Equations

Proposed network for the modified planar three-way Wilkinson power divider is
shown in Fig. 4.1. Input signal with power P is split into two equal amplitude
signals with power P/2 and fed into a symmetrical five-line coupling structure.
Electrical length of the coupling network is A/4 (90 degrees). The coupled lines
are designed in such a way that two-thirds of the incoming power of P/2 is
coupled to the outer lines, and the remaining one-third is coupled to the middle
line. Since power is coupled to the middle line from both sides of the structure,
all output ports receive one-third of the input power, P/3. In order to achieve
the desired coupling ratios, the line width parameters Wy, W5, W3 and the line
to line spacing parameters S7, S; are adjusted. Two inter-connecting resistors
provide the necessary isolation between the output ports. Moreover, symmetrical

shunt capacitors are connected at the output ports for improved port matching.

Once the coupled lines are designed for power split, the resistor and capaci-
tor values can be found based on the complex impedances seen looking into the
5-line coupling structure: 7y, Z, and Z3. Several design iterations may be neces-
sary, because Z; is also dependent on the lumped element values. The reflection

coefficient at the input port is simply

(4.1)
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Figure 4.1: Schematic of the modified planar three-way Wilkinson power divider
structure with the electrical and corresponding physical design parameters.

The reflection coefficients at the symmetrical output ports become

Zoy || ZoJ| (R+ Zy) — Zy
Zey | Zof| (R+ Zy) + Zo

ITy| = |Ty| = (4.2)

Zy = 23| (R + Za /] Zoy [ Z0) [ (22 /2) ] Zo (4.3)

Here, Z¢, and Zg, are the complex impedances of the capacitors C; and Cy, R
is the isolation resistance, and Z; is the characteristic impedance of the system.

The reflection coefficient at the asymmetrical output port is

Ty 273/ Zy || Ze, — 272
W =
274 | Zs || Zc, + 220
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4.2 Circuit Design

Layout design of the proposed divider operating at Ka-band is shown in Fig. 4.2.
Bilateral symmetry is preserved for predictable operation. Width of the coupled
lines, Wy, W5, and W3 are 11pm, 28 pm, and 25 pm, respectively. Spacing be-
tween the outer lines S, is 8 pm, considerably smaller than the spacing between
the middle lines S, which is 27 pm, for higher power coupling ratio as described.
Resistance of the isolation resistors are 77¢). Shunt capacitors with small ca-
pacitances at the output ports are realized by high-frequency radial stubs. A
butterfly stub is used at the third port to maintain bilateral symmetry. An addi-
tional butterfly stub for improved matching can be utilized at the input as well.
However, in this case, the input return loss is at an acceptable level without it,
and stubs are only connected at the output ports. The RF measurement pads are
placed in the north-south and west-east directions for measurement convenience.

The overall circuit size is 1.66 mm x 1.08 mm.

250 500 750 PORT-4

Figure 4.2: Layout of the proposed three-way divider meshed for EM simulation.
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4.3 Fabrication and Measurement Results

The modified planar three-way Wilkinson power divider design at Ka-band is
fabricated using a microstrip MMIC process with two metal layers. SiC substrate
is thinned to 100 pm and the dielectric constant (e,) is 9.66. Thin film resistors
are formed by TaN sputtering with a sheet resistance of 30/0J. The back-via
diameter is 85 pm. Fig. 4.3 shows the microscope image of the fabricated divider

(multiple images are stitched).

Figure 4.3: Microscope photograph of the fabricated three-way divider.

SEM image of the 5-line coupling structure in the three-way power divider is
shown in Fig. 4.4 and Fig. 4.5 with line width and spacing parameters indicated

separately. The measured dimensions are similar to the designed values.
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Figure 4.4: Scanning electron microscope image of the three-way power divider

that shows the width of the coupled line structure.

100 um EHT = 1000 kV Signal A = SE2 Time 92501 Gun Vacuum = 1.618-007 Pa

=11.0mm Mag= 152X Date 4 Jan 2079 System Vacuim =7.708-004 Pa

Figure 4.5: Scanning electron microscope image of the three-way power divider

that shows the spacing of the coupled line structure.
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4-port on-wafer calibration and measurements are performed using Cascade RF
wafer probe station, GGB GSG150 picoprobes and R&S ZVA40 vector network
analyzer. The simulated! and measured S-parameter values of the three-way
power divider are shown in Figs. 4.6-4.9, there is a good agreement between them.
The measured input return loss is better than 20dB from 27.9 GHz to 30.8 GHz
and the measured output return losses are better than 20dB from 26 GHz to
33 GHz. The measured isolation levels between all output ports are at least
15dB from 27.6 GHz to 36.0 GHz. The measured extra insertion loss is less than
0.75dB and the amplitude imbalance between the asymmetrical ports is less than
0.2dB from 25.0 GHz to 34.3 GHz. It is almost impossible to obtain such a level
of balance at a wide bandwidth using traditional couplers. The overall 15dB
operational fractional bandwidth is 19%. This divider is compared to similar
studies in Table 4.1. Results obtained at relatively low frequencies from devices
fabricated on PCB are also included in the table since research is very limited
at Ka-band and higher frequencies or the reported divider bandwidths for 15dB

return loss and isolation are slim.

o———mmm

S,,1 (dB)

-40 |
sim. (S,
» Meas. (S,
_50 . . " . | . . . . 1 . . . . | . . . .
20 25 30 35 40

Frequency (GHz)

Figure 4.6: Simulated and measured parameters associated to input reflection
coefficient of the three-way divider as a function of frequency.
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Figure 4.7: Simulated and measured parameters associated to output reflection

coefficients of the three-way divider as a function of frequency.
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Figure 4.8: Simulated and measured parameters associated to isolation levels of
the three-way divider as a function of frequency.
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Figure 4.9: Simulated and measured parameters associated to insertion losses of
the three-way divider as a function of frequency.
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Chapter 5

Conclusion

Three power divider structures are presented to solve several issues with the
original Wilkinson power divider and improve its overall performance. The first
divider miniaturizes the quarter-wave length arms of the Wilkinson divider while
compensating for the bandwidth degradation. The proposed layout provides ad-
ditional physical isolation at the output ports and prevents coupling between
the divider arms. The second divider achieves a wide bandwidth by combining
Wilkinson and Gysel isolation networks. The divider demonstrates high tolerance
to variances in the sheet resistance of integrated circuit fabrication. The third
divider is a three-way variant of the Wilkinson power divider using a coupled line
structure for power split to avoid the negative effects of unintentional coupling
between the three transmission line arms in the original divider. The presented
structure uses only two isolation resistors and can be manufactured with a pla-
nar technology. Design equations for the proposed dividers are derived based on
S-parameter relations and even-odd mode analysis. The analytical expressions
relate component values with divider return loss and isolation levels, bandwidth,
circuit size and tolerance to material parameters. Dividers are designed with
30 GHz center frequency at Ka-band and realized using in-house coplanar waveg-
uide and microstrip GaN based MMIC technology. The experimental results
confirm that the methods introduced in this thesis are applicable at mm-wave

frequencies.
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