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Abstract  — This paper deals with modeling of a 
monolithic spiral transformer. The transformer is designed 
and fabricated as a symmetrical octagonal spiral structure 
using two-metal layer process on GaAs substrate for input 
balun applications of 2 GHz and 5 GHz push-pull power 
amplifiers. A distributed model of the transformer is 
developed to fit in wide frequency range with four ports. 
The model includes the skin effect which describes increase 
in series resistance with frequency. Six different sets of two-
port s-parameters are measured to obtain full 
characteristics of the four-port transformer while the other 
two ports are shorted to ground. The model is validated 
with measurement results in 100 MHz to 6 GHz. 

I. INTRODUCTION

Monolithic transformers have found more usage in 
MMICs and RF circuits. One reason of the increasing 
demand is led by baluns for differential circuits [1][2], 
which withstand common noise and even harmonics. 
Especially, monolithic baluns are necessary for push-pull 
power amplifiers, which are in class-B or class-D [3][4]. 
The class-B power amplifiers can achieve higher 
efficiency and linearity against conventional class-AB 
power amplifiers. Moreover, VCOs using transformer-
based LC tank shows good performance in monolithic 
VCOs [5]. 

Using previous simple models, it is hard to fit four-port 
characteristics simultaneously. From previously reported 
works, usually the frequency range is under 5 GHz and 
only two-port through characteristics are validated. 

For accurate modeling, a distributed transformer model 
is presented. Recently, distributed inductor models are 
developed to reduce errors [6][7]. The distributed model 
is more close to physical dimension, and the number of 
parameters is not large, because the distributed model is 
using common unit cell parameters. Also, the model 
includes the skin effect which describes increase in series 
resistance with frequency. 

II. MONOLITHIC TRANSFORMER

A spiral symmetric transformer is designed and 
fabricated using two-metal layer process on GaAs 
substrate for 2 to 5 GHz applications. The line is a thick 
metal microstrip line which are stacked up by 
interconnect metal, airbridge post, and airbridge metal. 
Thickness of interconnect metal, airbridge post, and 
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ge metal are 1.5 m, 3.5 m, and 4 m, 
tively. Therefore, the total thickness is 9 m. This 
d line reduces series line resistance. The turn ratio 
between primary and secondary windings as shown 
. 1. The transformer designed with 340 m outer 
ter, 140 m internal diameter, 15 m linewidth, 

m line spacing.  
 symmetric transformer has four outside terminals, 
 have an advantage to connect to other circuitry [8]. 
the symmetry obtains center taps easily at the 
ints between the terminals on each winding. 
 transformer can be integrated with InGaP/GaAs 
 One of the applications is an input balun for push-
ower amplifier. The 4:3 turn ratio achieves the 
mpedance transformation to high impedance from 
pedance of power amplifier input and the turn 

lose to 1:1 acquires high magnetic coupling. 

 1. 4 : 3 symmetric transformer using two-metal layer 
process.
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III. DISTRIBUTED TRANSFORMER MODEL

A distributed model is more close to the physical 
dimension of transformers. Each winding model 
comprises of four segments as shown in Fig. 2. The 
number of model parameters is not large, because the 
distributed model is using common unit cell parameters.  

The model includes 8 inductors, but mutual coupling is 
not whole combination of 8 inductors. The magnetic 
coupling model is simplified with only four dominant 
couplings. The coupling between L1 and L8 is the same as 
between L4 and L5, and the coupling between L2 and L7
is the same as between L3 and L6. The dominant 
couplings are inferred from the physical layout. L1 is the 
closest to L8, L4 is the closest to L5, and so on. Also, the 
parasitic capacitances between two windings are 
simplified with four dominant capacitances, C11 and C12,
as the same way of magnetic coupling.  

The substrate model is composed of a frequency 
dependent resistor and a capacitor. The frequency 
dependent resistor is realized with a capacitor. Five 
substrate unit models are used for the distributed model 
of each winding. 

Six two-port s-parameter measurements are required 
for full four-port characterization. The two-port 
measurements are PP , SS , SP , SP , SP , and 

SP  when the other two ports are shorted to ground 
with short bondwires as shown in Fig. 1 and Fig. 5. And 
the bondwire inductors are deembedded. For right angle 
calibration, SOLR(Short-Open-Load-Reciprocal through) 
method is used with Cascade Wincal 3.1 and Cascade 
109-531 impedance calibration substrate [10]. 

The unit segment is initially extracted from PP  and 
SS  measurement, which are explained above. Each 

winding can be considered as a transmission line. Initial 
parameters of the winding are obtained using RLGC 
model from a transmission line in Fig. 3 [11]. ABCD 
parameters are converted from S parameters easily. 
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s an initially fixed parameter, but the other 
eters are just initial parameters for fitting 
zation. L1 and L5 at primary and secondary 
gs are not free parameters for optimization, and 
se only a common coefficient for optimization to 
their physical turn ratio between primary and 
ary windings. 
sured R shows the skin effect which describes that 
eases with frequency as shown in Fig. 4. The skin 
is modeled as  

fR              (12) 

 is resistance at DC and  is a coefficient of 
ncy dependent term. The skin effect is also 
ed at the distributed transformer model. 
 parameter fitting procedure is accomplished with 6 
rement sets simultaneously. 

Fig. 2. Distributed transformer model. 

Fig. 3. RLGC model for transmission line. 
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Fig. 4. Series resistance of secondary winding with the skin 
effect.

Fig. 5. Implemented 4:3 symmetric transformer with short 
wire bonding for two-port measurement (667 x 612 m2).

IV. MODEL VERIFICATION

It is not easy to fit all six measurement sets 
simultaneously with a simple model. The distributed 
transformer model is presented to fit four-port 
characteristics simultaneously. The model results are 
shown in Fig. 6. and Fig. 7. At an inverting mode, 
simulated S11, S22, and S12 are compared with 
measurement results from 100 MHz to 6 GHz in Fig. 6. 
And, the results of a non-inverting mode are shown in 
Fig. 7. Table I shows extracted parameters of the 
transformer. 

Fig. 6. 
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Fig. 7. 
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Inverting mode results. (a) inverting mode schematic, 
 and S22, (c) S12. 
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Non-inverting mode results. (a) non-inverting mode 
tic, (b) S11 and S22, (c) S12.
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Parameter Value Parameter Value 

R1 f51088.14.0  R2 f51038.13.0

L1,L2,L3,L4 0.812 nH L5,L6,L7,L8 0.565 nH 

C1s 9.93 fF C2s 9.18 fF 

C1sr 158 fF C2sr 183 fF 

R1s 280 Kohm R2s 1.94 Mohm 

k18,k45 0.979 k27,k36 0.595 

C11 240 fF C12 118 fF 

TABLE I 
SUMMARY OF EXTRACTED PARAMETERS

V. CONCLUSION

A monolithic transformer is designed and fabricated 
using two-metal layer process on GaAs substrate for 
input balun applications of 2 GHz and 5 GHz push-pull 
power amplifiers. A distributed model of a monolithic 
spiral transformer is developed to fit with four ports. 
Also, the model includes the skin effect which describes 
increase in series resistance with frequency. The 
extracted model is compared with measurement results in 
100 MHz to 6 GHz. The extracted parameters are shown 
in Table I. 
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