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Abstract: A parameter-extraction approach for the stacked on-chip transformer, which combines the analytical ap-
proach and the empirical optimization procedure, was developed. The model parameters determined from the ana-
Iytical expressions were considered as an initial guess of a subsequent optimization procedure leading to the final
model parameters. Good agreement was obtained between simulated and measured results for a stacked transformer

on silicon substrate in the frequency range 100 MHz ~ 60 GHz.
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Introduction

Radio frequency integrated circuits ( RFICs) such
as low-noise amplifiers, voltage-controlled oscillators,
mixers, and power amplifiers rely on a number of passive
components including capacitors, varactors, resistors,
inductors, transformers, and transmission lines. On-chip
transformers are widely used to implement functions such
as impedance conversion, resonant load, low-noise feed-
back, bandwidth enhancement, and differential-to-single
conversion'' 7,

Due to their multi-metal layer structures, on-chip
transformers manufactured in RF-CMOS technology can
have various structures. Since the amount of silicon area
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occupied by transformers can be a limiting factor in most
applications, interleaved or tapped structures are often
replaced by stacked configurations, which offer higher
magnetic coupling and area efficiency, albeit at the ex-
pense of increased parasitic capacitances[s‘m].

With the increase in demand of high-performance
stacked transformers, accurate compact models are espe-
cially valuable for efficient simulation for RF circuit de-
sign. Because of the accuracy of the model is really de-
pendent on the model parameters, an accurate procedure
for extraction of the model parameters is extremely impor-
tant for optimizing device performance of on-chip trans-
former based on silicon material system'""*’.

The model parameters can be obtained from S-pa-
rameters measurements by using numerical optimization
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techniques. However, the accuracy of the numerical op-
timization methods that minimizes the difference between
measured and modeled data can vary, depending on the
optimization method and starting values, while the ana-
lytical methods allow us to extract the equivalent circuit
model parameters in a straightforward manner' ")

The analysis and modeling of monolithic stacked
transformers on silicon were addressed. This method is a
combination of numerical optimization and direct extrac-
tion methods. It overcomes the drawbacks of both meth-
ods, while retaining their advantages. Section I describes
the basic formalism of the new method used in the extrac-
tion procedure. In section I, extraction results are given
and discussed. The conclusions are discussed in section

Ir.
1 Theoritical analysis

1.1 Equivalent circuit model

The dynamics of the stacked transformer can be cap-
tured in a compact model similar to the coupled induc-
tors, as shown in Fig. 1, where C_; and C,, represent
the oxide capacitances between the metal segments and
Si substrate. C,, represents the isolation capacitance be-
tween the input and output pad, and can be neglected
because its small value (less than 1 fF normally) and
does not affect the frequency response. C C.,. and
R, ,R,,, are the capacitances and resistances of the Si
substrate, respectively. L, is the inductance of primary

alone and L, is that of the secondary alone. R, and R, are

subi » subo

subi 9 * Ysubo

the losses of primary and secondary, respectively. The
parameter K, which represents the mutual inductance be-
tween the two wings, is related with the inductance L,

and L,.
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Fig.1 Equivalent circuit model for stacked transformer
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An alternative form of the equivalent circuit with an

/L,L,
the coupling, as shown in Fig. 2, where L, indicates the
degree of coupling between primary and secondary. This
equivalent circuit model can be divided into two parts.
The outer part contains just pad parasitics, and the inner
part contains intrinsic elementary cell.

1.2 Extraction of equivalent circuit parameters
Figure 3 shows the open test structure layout with

the corresponding equivalent circuit model. The short

circuit Y-parameters of the equivalent circuit can be ex-

impedance inverter K = can be used to represent
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Fig. 2 Modified equivalent circuit model for stacked
transformer
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pressed as the following

Y, =joC, +Y, , (1)
Y, =jwC, +7Y, , (2)
Y, =Y, =-jwC, , (3)
where
1
Y = s 4
' 1 + Rsubi ( )
ijuxi 1 + j(‘uRsubiCsubi
1
Y = . 5
’ 1 Rsubu ( )

; + ;
joC,. 1 +jowR, C
In the low-frequency ranges, the oxide capacitances
and substrate resistances can be determined as follows:

subo ™~ subo

Coxi =_% ’ (6)
wlm(]i)
Y + Y,
1
Cpp = 7
0X0 wlm( 1 ) b ( )
Yy + Y
o) "
io T ® ’
1
R, =Re[— 1 — . (9
subi e( Yll,l N Yzl,2) ( )
1
R, = Re[— . 10
subo e( Y12,2 N YT2) ( )

In the high frequency ranges, the substrate capaci-
tance (C_,; and C_, ) can be determined from imaginary

parts of 1/(Y], +Y},) and 1/(Y;, +Y],):

Cons = ;Im{l/[(ygl iy;)_jwlc ]} (1)

oxi

Csubo = le{l/[( 1 )_ . 1 }
® Yy, + Y,/ joC

oxo
(12)
The superscript o denotes the open test structure.
As shown in Fig. 4, after de-embedding parasitics,
S-parameters are transformed to Z-parameters, the intrin-
sic elements can be determined directly as:

R, = Re(zil) , (13)
R, = Re(zy,) , (14)

I 13 _ i
L, = L) . (15)
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The superscript ¢ denotes the intrinsic structure.

This method also can be considered as an initial
guess of a subsequent optimization procedure leading to
the final model parameters.

The optimization error is defined by the RMS ( Root
Mean Square) error of S-parameters as error function cri-
terion:

RMS target = . (18)

1 N
N2 |8

2

voolSy =St
i=1t [ RMS talrget]2

| . (19)
where the superscript m denotes the measured S-parame-
ters, s denotes the simulated S-parameters.

RMS error = % Z

2 Results and discussions

To illustrate the above model and parameter extrac-
tion method, we presented the extracted model parame-
ters for the stacked on-chip transformer using IBM

130 nm 1P8M RF CMOS technology, as shown in Fig. 5.
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Fig.5 Structure of the stacked transformer
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In this work, stacked transformer with one turn as
primary coil on the first layer and two turns as secondary
on another layer has been designed. The metal width is 3
pm for both two coils, the thickness of primary is 1.325
pm and the secondary one is 3.3 pum. The gap between
the two metals is 1. 45 pum. Open-loaded S-parameters
were measured and de-embedded for the parasitics intro-
duced by GSP PAD up to 60 GHz using an Agilent
E8464 A network analyzer.

Figure 6 shows the initial extracted capacitances C

and C

wo 10 the low frequency range. Over a wide fre-
quency range, the value variations are very small and al-
most negligible,, and rather constant values are observed.
It is noted that C,; and C, are very close, because the
test structure is symmetric. Figure 7 shows the initial ex-
traction of substrate capacitance C_,; and C It is ob-
served that the substrate capacitances at input and output
ports are very close. Extracted results of inductances
L. ,L,, and L are shown in Fig. 8. It is found that the
values of L, ,L,, and L, are independent of frequency

from 1GHz to 60 GHz, in spite of slight slopes of the ex-

i

subi subo *

tracted L, and L, in the low frequency ranges.
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Fig.6 Extracted pad capacitances versus frequency
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Fig.7 Extracted substrate capacitances versus frequency
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Table 1 summarizes the extracted model parameters
using the analytical method mentioned above, and opti-
mized values are given for comparison. The final values
are very close to the analytical values.

Tablel Extracted and optimized values of model parameters

£1 REWEILSHEMALHERSHIE

Model parameters Extracted values Optimized values
C,/fF 0.06 0.06
C,./tF 13.4 13.5
C./1F 13.2 13.0

Co/1F 44 43
C o/ tF 49 50.1
R .,/ Q 36 35
R/ 35.5 35
Ly,/pH 37.8 38
L,./pH 43.7 44
L,/pH 44.1 44
R/Q 1.44 1.45
R,/ Q) 1.32 1.3

Figure 9 compares the magnitude and phase of
measured and modeled S-parameters for the stacked
transformer in the frequency range of 100 MHz ~ 60
GHz. The circle indicates the modeled values and the
lines the measured ones. It is noted that there are slight
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Fig.9 Comparison of measured and simulated S-parameters of
the stacked spiral transformer. (a) Magnitude of S;,, (b) phase

of S,,, (c)magnitude of S,,, and (d)phase of S,

K9 FRAVBIERR IR 5 S LR (a) S, 1Y
R AEREAT R AL R AR P, (B) S, IR BEAT A% A 1) Hh 2%
K, () Sy, MR EREA AR (LR £ 15T, (d) S, AR LRl A
HARL I 5]



176 b5 2 K F 35 %

slopes of the modeled S-parameters against measured
ones in low frequency. The modeled S-parameters agree
very well with the measured S-parameters, validating the
accuracy of the proposed model and parameter extraction
method. Good agreement was obtained between simulated
and measured results with a RMS error less than 5%.
Therefore, the accuracy of the model is validated in the

frequency range 100 MHz ~ 60 GHz.
3 Conclusion

A parameter-extraction approach for the stacked on-
chip transformer, which combines the analytical ap-
proach and the empirical optimization procedure was
presented. The accuracy of the proposed method was val-
idated by the excellent agreement between the simulated
and measured results of the stacked spiral transformer u-
sing IBM 130 nm 1PSM RF CMOS technology in the fre-
quency range 100 MHz ~60 GHz.
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