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Abstract: The implementation of broadband monolithic baluns based on CMOS technology is investigated. The configura-

tion and parameterized layout are analyzed. Then,a wide-band lumped element equivalent circuit model accounting for all

necessary physical effects is proposed and model parameters are extracted, with high accuracy in a broadband frequency

range,via combination of physical formula and fitting optimization. Two baluns were implemented with TSMC’s one-poly

eight-metal (1P8M) 0. 13pm mixed-signal (MS)/RF CMOS process. The S-parameters of these two baluns were measured

using a vector network analyzer. The measured results agree well with the modeled parameters up to millimeter-wave fre-

quencies.
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1 Introduction

In modern wireless communication systems,radio
frequency (RF) carrier signals are increasing toward
tens of GHz where a larger channel capacity and a
higher data transmission rate can be obtained. In or-
der to meet the potentially high demand for such
wireless communications, wide-band low-cost silicon-
based RF integrated circuits (RFICs) are indispensa-
ble. The rising demand for low-cost RFICs has stimu-
lated research on the design and implementation of
on-chip high-quality passive components in CMOS
technology due to its advantages of mass-production,
low cost, and compatibility with digital and analogy
circuits. The employment of monolithic passive com-
ponents has been widely demonstrated to enhance the
performances of RFICs.

The differential architecture wireless transceiver
can have better performance than its single-ended
counterpart because all common-mode signal compo-
nents can be fully repressed by the counteract func-
tion of the circuit structure. Common-mode rejection
ability is particularly important in state-of-the-art
wireless system design,in which efforts are ongoing to
integrate the entire transceiver circuitry in one single
chip. The receiver should work with circuitry contai-
ning a large number of mixed-signal function blocks,
where both the power supply and the substrate may
introduce a large amount of undesired common-mode
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signal and noise. However, the signals from or to
transceiver antenna are often single-ended. Thus, a
balun (balanced-to-unbalanced) is needed to realize
an effective connection between a balanced circuit
and a single-ended signal source or load.

A variety of baluns have been developed during
the past decades-' ™. Few of them, however, are fo-
cused on the frequency range over 10GHz when im-
plemented with standard CMOS technology. It is im-
portant to investigate the monolithic baluns which op-
erate on a wide frequency band higher than 10GHz.
Moreover, there is still no accurate model for wide-
band monolithic baluns so far, which is necessary for
time-domain simulation and noise analysis. In this pa-
per.the configuration and the layout design of wide-
band CMOS on-chip baluns are discussed. Then, a
lumped element wideband model of monolithic baluns
is presented. Several baluns are realized in TSMC’ s
0.13pm RF/MS CMOS process. The S-parameters of
the realized baluns were measured with an Agilent
E8363B VNA. The results show a high agreement with
modeling parameters up to millimeter-wave frequen-

cies.

2  Configuration and parameterized lay-
out

structures, such as rat-race hybrids,

waveguide magic tees, Lange, and so on,can be used

Many

to implement baluns at RF and microwave frequen-
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Fig.1
Tapped structure; (b) Stacked structure; (¢) Interleaved struc-

Structures of the planar spiral transformer balun (a)
ture

cies. Major limitations of these components are their
narrow bandwidths and the lack of methods for cen-
ter-tap grounding. Hence, planar spiral structures
should be preferred in the realization of on-chip bal-
uns. The planar spiral transmission line and center-
tapped planar spiral transformer are two considerable
candidates. Yet, Yeong et al.has shown that the per-
formance of the former would severely degrade when
fabricated on low resistivity (less than 200 * cm) sili-
con substrates™’. As a result, a centre-tapped planar
spiral transformer structure is chosen in this paper.
There are approximately three types of on-chip
planar spiral transformers,that are suitable for balun
implementation. They are the tapped structure, the
stacked structure, and the interleaved structure. No
matter which is selected,a symmetric layout should be
employed. The tapped structure, illustrated in Fig. 1
(a) ,has a maximized self-inductance and a minimized
terminal-to-terminal capacitance. Unfortunately, its
mutual coupling is too low. The stacked structure is
shown in Fig. 1 (b). Although this structure can pro-
vide the highest coupling and the best area efficiency,
its main drawback is low self-resonance frequency
(SRF) ,resulting in a restricted bandwidth. Moreover,

this structure requires multiple metal layers. The other
metal layers are much thinner than the top layer in
most CMOS processes, which will worsen the insertion
loss. The interleaved structure, illustrated in Fig. 1
(c),is employed in our design so as to meet band-
width and coupling requirements simultaneously.

The layout of the balun in Fig. 1 (¢) is parame-
terized based upon several geometrical attributes:out-
er diameter/inner diameter, line width, line spacing,
and turns-ratio. The performances of the balun, such
as the insertion loss, the mutual coupling cocfficient,
and the bandwidth,are dependent on the geometrical
attributes. The mutual coupling coefficient increases
when the number of winding turns increases or the
space between adjacent turns decreases. However, the
parasitic capacitance between adjacent turns will de-
crease SRF significantly when too many winding turns
are employed. The less space there is, the more cou-
pling between primary and secondary there is. The
space has a minimum limited by the design rule of the
employed process. In this paper,it is 2um. The inner
turns have a higher resistivity than the outer turns at
high frequencies due to eddy current and their contri-

6] This is the main

bution to inductance is minimal
reason to leave the spiral center empty. In addition,
the balun’s operation frequency range is dependent
on the outer diameter. The frequency limit lowers as
the outer diameter increases. The selection of metal
width should balance metal loss and magnetic cou-
pling. A wider metal will reduce the metal loss but al-
so reduce the magnetic coupling. Conversely,a narro-
wer metal will cause a higher metal loss but increase

the magnetic coupling.
3 Equivalent circuit

Although the performance of a balun can be
characterized by frequency domain network parame-
ters,like S-. Y-,or Z-parameters, the equivalent cir-
cuit is still necessary in time domain simulation or
noise analysis. The proposed equivalent circuit for a
three-port balun is shown in Fig. 2. The low frequency
effect of the single-ended primary and differential
secondary of the balun, including inductance and re-
sistance,can be modeled using series resistances (R ,
R,.R;) and series inductances (L,, L,, Ls;), with
mutual inductances between each two inductances de-
noted by (My,, M3, My ). The skin and proximity
effect'” of the metal coils at higher frequencies are
modeled by three RL branches {R;,L;(i=1,2,3)}
and six mutual inductances M,; Chere, the subscript p
denotes proximity) between L; and L;(i,j=1,2,3,
j# i) . respectively . The parasitic capacitive coupling
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Fig.2 Proposed equivalent circuit model of planar transformer balun

between primary and secondary windings is modeled
by four components CK,, CK,., CK;, and CK,. The
coupling between conductive substrate and the metal
windings can be divided into two parts:the capacitive
and the inductive. The capacitive coupling is modeled
by four substrate RC networks comprised of Cox; s
Rsusi and Cgup; (i =1,2,3,4). In balun applications.
the port P. or P_ is grounded due to the fact that the
primary is single-ended. However, only three of the
four are effective. The patterned ground shield
(PGS is not adopted because the parasitic capaci-
tance between the metal coils and the PGS makes the
SRF become too low. But, eddy current will be in-
duced in the underlying substrate by the penetration
of the magnetic field into the conductive silicon sub-
strate without PGS. The network components, inclu-
ding Lsugo s Rsuso s Lsussand Rgyg»>can be used to simu-
late the loss caused by eddy current and the corre-
sponding skin effect of the substrate. The mutual in-
ductances Mis, M5, and M5 are employed to repre-
sent the inductive coupling between the silicon sub-
strate and the metal coils.

The most important aspect for modeling an on-
chip balun is the extraction or fitting of model param-
eters. Most of the purely physics-based modeling can
only provide estimates and the error will increase rap-
idly as the frequency goes up. Another popular ap-
proach for parameter extraction is based on the fit-
ting optimization of frequency domain network pa-
rameters. The starting point of fitting optimization is
a frequency domain matrix that provides the port re-
sponses. In a microwave circuit, it is usually an S-pa-
rameter matrix. Measurements are the preferred ori-
gin of the parameters. The process of fitting optimiza-
tion to minimize the S-parameter error between the

equivalent circuit model and the measured values can
be performed with a commercial software like Agilent
ADS. As shown in Fig. 2, there are more than forty
unknown parameters in the proposed model. The fit-
ting process may be very time consuming and prone to
potential convergence problems with so many param-
eters. In this paper,the model parameters are extrac-
ted with high-precision in a wide frequency band via
the combination of physical analytic formulas with
fitting optimization.

The parameter extraction steps are as follows:
The series inductance L, ,series resistance R; ,and RL
branch components L;,R; (i =1,2,3) satisfy the fol-
lowing physical constraints'” .

L:/ L; =0.315R;;/ R; (D
R?C:Rl‘Rl’i/(Ri+Rl’{) (2)
L =L, +(R;/(R; +R;))"Lj; (3)

where R¥ and L are the DC resistance and induct-
ance of the ith spiral, respectively. The value of each
R is equal to the product of the metal sheet resist-
ance and the aspect of the metal line (total metal
length/metal width).The L{ can be calculated by:
L 9.375u N AD; / (110D; - 7TAD;) (4)
where po is the permeability of the free space, N, is
the turn numbers of the ith spiral, AD; is the average
diameter, and OD,; is the outer diameter. Equations

(1)~ (3) show that only one of the four group varia-
bles: ({R;},{L;}»{Rs}s{Ls},i=1,2,3) need fit-
ting. The {R; } is selected in this paper. Three mutual
inductances M; (i,j=1,2,3,i<j) can be estimated
using the following expressions:

M, =~ Imag(Z;) /w (5
where Z; are the elements of the Z-parameter ma-
trix, which is converted from measured the S-parame-
ter matrix,while w should be low enough (in this pa-
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Fig.3 Micrographs of two implemented baluns

per,w=2x X 100MHz). It is difficult to calculate the
proximity effect mutual inductances M,; (i,j=1,2,
3,i7#j) by an analytical formula,so M,; is also ob-
tained by fitting iteration. However, the following e-
quations can be assumed using symmetry of layout:
M = Mz s Moy = M a1 s M p3 = M3, . The coupling ca-
pacitances between primary and secondary, CK;, ~
CK, . consist of two kinds of parasitic effects. The first
is the sidewall capacitance of thick conductors exist-
ing between adjacent metal wires. The second is the o-
verlap area capacitance between the top metal layer
and the underpass. The former can be calculated by an
analytical approximation based on conformal map-
ping"” and then scaled by the metal length. The latter
can be estimated approximately by the commonly
used parallel plate capacitor formula. The total cou-
pling capacitance between the primary and secondary
coils,namely Cys,is the summation of the two. Then,
the CK, ~CK, can be estimated by:CK; = CK, = CK;
= CK, =1/4 Cys. As for the components related to the
coupling between substrate and metal coils, including
both capacitive and inductive.a series of complex an-
alytical formulas derived by Huo et al. with the
knowledge of balun layout and process technology''"!
can be employed to calculate their values.

4 Measurement results and model verifi-
cation

Several baluns were fabricated in TSMC’ s

= S, Measurement ' %
—o— S, Model
o S, Measurement
S, . Model
xS Measurement
S;;Model

-1.0j
Freq 100MHz to 20GHz

Fig.4 S11,S2 and Ss; of the 3 © 2 balun

0. 13um RF/MS CMOS process to verify the perform-
ances of on-chip baluns and examine the validity of
the proposed lumped element equivalent circuit mod-
el. Figure 3 shows the micrographs of two implemen-
ted baluns. The outer diameter (OD) of the upper bal-
un is 300pm and its turns-ratio is 1 © 2. The OD of the
lower is 200pm and the turns-ratio is 3 : 2. Both line
widths are 10pm. The line spacing of both, as men-
tioned above,is Zum. The standard GSG pad for sin-
gle-end and GSGSG for differential are added to per-
form an on-wafer measurement. The influence of the
pad parasitic has been removed with the de-embed-
ding technique.

The on-wafer measurement has been performed
with an Agilent E8363B VNA, which is a two-port
VNA,while balun is a three-port device. When meas-
uring S-parameters of multi-port devices using a gen-
eral two-port VNA,the remaining ports should be ter-
minated by auxiliary loads''"’. The loads may be arbi-
trary. In our measurement,a 50Q standard load from
Agilent was used such that the S-parameter matrix for
50Q characteristic impedance at all ports can be ob-
tained. The S-parameters of the two baluns have been
measured up to 20 and 30GHz, respectively. The ex-
tracted equivalent circuit parameters of the 3 : 2 bal-
un are as follows: L, =1.77nH,L,=L;=0.33nH, R,
=0.95Q,R,=R;=0.39Q,L,; =0.28nH,L,, = Ly =
0.11nH,R,; =19.2Q, R5 = Ry =3.63Q, M, = M,
0.48nH,.M; =0.11nH, M, = M3 =0.07nH, M5, =
My = —0.15nH, My = Mz, = — 0.068nH, Coxs =
Coxz = 31fF, Coxs = Coxa = 14fF, Rsys = Rsus: = 592Q,
Rguss = Rsust = 173Q, Csysm = Csupe = 5. 9fF, Coyps =
Csup = 2. 7fF,CK; = CK; = CK; = CK,; = 53fF, Ly =
1.2nH, Lgus = 4. 2nH, Rgygy = 540Q, Rgug = 87Q, M5
=1.27nH,M,s = M35 =0. 44nH. Its measured and sim-
ulated Sy, S and Si;; are shown in Fig. 4. From
Fig. 4,the SRF of this balun is less than 20GHz. Fig-
ure 5 shows the real and imaginary part of S, and
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Fig.5 Su and S;; of the 3 : 2 balun

S31 . The measured results show good agreement with
the model.

An important characteristic of the transformer
balun is that it can be used as an impedance trans-
former when the turns-ratio is not equal. Thus, the in-
sertion loss represented by S, and Sj is associated
with input and output impedance levels. The insertion
loss can be reduced by terminating single-ended and
differential ports with proper impedances. The ex-
tracted equivalent circuit parameters of the 1 : 2 bal-
un are as follows: L, =0.65nH,L, =L, =0.75nH, R,
=0.83Q,R,=R;=0.76Q,L,; =0.89nH, Ly, = Ly =
0.44nH,R.,; =1.93Q, Ry = R33; =4.09Q. M, = M, =
0.42nH,M; =0.31nH, M, = M3 = —0.02nH, M5
=My =0.048nH, My3 = My, = — 0.19nH, Coxq =
Coxz = 24.5fF, Coxs = Coxa = 41fF, Rsupi = Rsups =
887Q s Rsups = Rsupt = 964Q, Csup = Csume = 7. 4fF,
Csuss = Csuss = 5. 3fF.CK, = CK, = CK; = CK, = 37fF,
Lsypo = 0.4nH, Ly = 3. 7nH, Rgype = 1189Q, Rsys =
430, Mys = 0.45nH, M, = Mss = 0. 32nH. Figure 6
shows its measured and simulated S, , S, and Si;.
demonstrating that this balun can operate at frequen-
cies higher than 30GHz, which belongs to millimeter-
wave frequencies. The simulated S., and S3; overlap
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Fig.6 Si1.S5 and Sy of the 1 @ 2 balun

0.6

Freq 100MHz to 30GHz

Fig.7 S» and S of the 1 : 2 balun

because of perfect symmetry. The transmission S,
and Sy are shown in Fig. 7. The modeling results a-
gree well with the measurement results up to millime-
ter-wave frequencies.

Not only the S-parameters must be observed,
there is another important specification for balun,
i.e. imbalance, including magnitude and phase. The
imbalance can be calculated by the measured S-pa-
rameters. '’ The calculation indicates that the two
implemented baluns in this paper have good symme-
try. Both absolute magnitude imbalances are <0. 5dB
and the absolute phase imbalances are <(7".

5 Conclusion

The implementation of broadband on-chip baluns
based on CMOS technology is demonstrated. In order
to meet the bandwidth and coupling requirements
concurrently, the interleaved layout structure should
be employed. A novel broadband lumped element
model accounting for all physical effects is proposed.
The model parameters are extracted, with high-preci-
sion in a wide frequency band, via a combination of
physical analytic formulas with fitting optimization.
Two baluns with good performance were implemen-
ted using TSMC’s 0. 13um RF/MS CMOS process and
measured with Agilent E8363B two-port VNA. The
measured results show good agreement with the model
up to millimeter-wave frequencies.
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