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Abstract: A new 2-II lumped element equivalent circuit model for high-k stacked on-chip transformers is proposed. The

model parameters are extracted with high precision, mainly based on analytical methods. The developed model enables fast

and accurate time domain transient analysis and noise analysis in RFIC simulation since all elements in the model are fre-

quency independent. The validity of the proposed model has been demonstrated by a fabricated monolithic stacked trans-
former in TSMC’s 0. 13m mixed-signal (MS)/RF CMOS process.
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1 Introduction

Recently, monolithic transformers have been
widely employed as important elements to enhance
the performance of many kinds of RF blocks, inclu-
ding low noise amplifiers (LNA) , voltage-controlled
oscillators (VCO), and power amplifiers (PA)" %,
There are three different on-chip transformer realiza-
tions, namely, the tapped, the interleaved, and the
stacked"”. The stacked can provide the highest cou-
pling factor (k) and the best area efficiency,but has
a lower self-resonance frequency (SRF). As an essen-
tial tool for circuit design,accurate equivalent circuit
models of transformers,using lumped RLC clements,
efficiently characterize their electrical performances
for circuit simulation. Several models of stacked
transformer have been presented in the past dec-
‘51 However, current models
dependent because some clements in the models de-

ade are frequency-
pend on frequency. It is difficult to incorporate fre-
quency-dependent elements in SPICE-type simula-
tors . In addition, frequency-dependent models are
not compatible with time domain transient analysis.
Thus, it is important to investigate a frequency-
independent model for stacked transformers. In this
paper,the on-chip high-k stacked transformer is in-
troduced. Then, a lumped eclement frequency-inde-
pendent model with high accuracy is presented. A
stacked transformer is realized in TSMC’s 0.13pm
RF/MS CMOS process. The S-parameter of the real-
ized transformer is measured with an Agilent ES363B
VNA. The measured results agree well with the mod-
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eling parameters.

2 High-k stacked monolithic transform-
er

Figure 1 shows a stacked structure monolithic
transformer. It uses multiple metal layers and exploits
both vertical and lateral magnetic coupling to provide
the highest coupling factor (k) and the best area effi-
ciency. The k factor can reach 0.9 or more, and the
occupied chip area can be reduced significantly. The
main drawback of this structure is the high port-to-
port capacitance,and consequently a lower SRF. But,
the low SRF can be improved by increasing the oxide
thickness between spirals in modern silicon-based
multi-metal-level processes. In practice, this can be
implemented by selecting proper metal levels. The k
factor must be decreased when the oxide thickness is
increased. However, the change of port parasitic ca-
pacitance is much more sensitive than the k factor™ .
Therefore, decreasing the k factor is usually accepta-
ble when the oxide thickness is increased to improve
the SRF.

Fig.1 Stacked structure monolithic transformer
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Fig.2
on-chip transformer in which all mutual inductances are not

Frequency-independent equivalent circuit for a stacked

shown

3 Frequency independent equivalent cir-
cuit

The electrical performance of a transformer can
be characterized by frequency domain network pa-
rameters,such as the S-, Y-,or Z-parameters. Yet an
equivalent circuit is indispensable for circuit design
due to the fact that the frequency domain network
parameters cannot be employed in the time domain
simulation or noise analysis. Moreover, as mentioned
above, the equivalent circuit should be frequency-
independent. The proposed equivalent circuit for a
stacked on-chip transformer is sketched in Fig. 2.
There are a number of elements in the circuit model,
and their physical meanings and how to extract their
values according to the device’s geometric dimensions
will be presented in detail.

As shown in Fig. 2, based on the ladder circuit
representation,a 2-II equivalent circuit model is built
to capture the distributed characteristics of the mono-
lithic transformer. First, the DC current is uniformly
distributed inside the primary and secondary conduc-
tors,and can be characterized by R; and L (i=1,2,
3,4) in series with mutual inductances denoted by M ;
(not shown in Fig. 2) between each two self induct-
ances (Ly,Ly,i,j=1,2,3,4,i<j).As the frequen-
cy increases, the skin and proximity effect™ will push
the AC current to the metal surface, which results in a
frequency dependent loss and inductance in the metal
conductor. Unless frequency dependent components
are employed, a simple RL series (R, and L)
branch can not model this effect. Therefore,an addi-
tional RL ladder (R, and L,;) in parallel to the Ry
(i=1,2,3,4) and twelve mutual inductances M,; (not

shown in Fig. 2 either) between L and L,; (i,j=1,
2,3,4,i%#j) are introduced to model the frequency
dependent loss and inductance. There are two kinds of
parasitic capacitances that lead to the stacked on-chip
transformer’s lower SRF.One comes from horizontal
electric field and the other is due to the vertical elec-
tric field. The capacitance CK; (i =1,2,3,4) repre-
sents the coupling between the adjacent metal tracks
of the primary or secondary coils of the transformer,
respectively. The horizontal electric field coupling
contributes to those capacitances. The overlap capaci-
tance due to vertical electric field coupling between
primary and secondary coils can be represented by
Covi (i = 1++-7). The other part of vertical capaci-
tances is C, and C,, which represent the overlap ca-
pacitance between the spiral and underpass metal
lines. The lossy capacitive coupling between the sec-
ondary of the stacked transformer and conductive
substrate can be modeled by three RC subcircuits
{Coxi s Rsupi s Csupi »1 =1,2,3}.

In the proposed model.the most important aspect
is the extraction of model parameters. The parameters
extraction steps in this paper are mainly based on an-
alytic methods. The components of the ladder subcir-
cuits, LRy, L, » R, (i =1,2,3,4) can be calculated
by[SJ .

R, = KrRy. L, = K. L @y
R = (1+1/Kg) R* (2)
Lsi = L(,IL/[1+KL(1+KR)7Z] (3)

where K, and Ky are two introduced coefficients ac-
quired by fitting optimization. R{ and L are the DC
resistance and inductance of the ith spiral,respective-
ly. R{ is equal to the product of the metal sheet resist-
ance and the aspect of the metal line (total metal
length/metal width). L¢ can be calculated by an ana-
lytical equation®. The transformer mutual induct-
ances M;(i,j=1,2,3,4,i<j) can be estimated using
the expressions M, ~Imag(Z;)/w,where Z; are the
elements of the Z-parameter matrix, which is conver-
ted from the measured S-parameter matrix, while w
should be low (in this paper.w = 2x X 100MHz) . Cal-
culating the proximity effect mutual inductances M ;
(i,j=1,2,3.4,i7#j) by an analytical formula is dif-
ficult. M,; is obtained also by fitting iteration. How-
ever,the variables to be fitted can be reduced to four
using a symmetric layout. The lateral coupling capaci-
tance CK;(i=1,2,3,4) can be obtained by Gupta’s
fringing capacitance curves for coplanar rectangular
coupled bars® . The total overlap capacitance between
primary and secondary coils, Coy ,can be estimated by
Ae / tox t P Cps,where ¢ and tox are the oxide die-
lectric constant and thickness between primary and
secondary,respectively. A is the area of the spirals,
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Fig.3 Micrograph of the implemented transformer

and P is the length of the shorter of the primary or
secondary. Cps is the per-unit-length specific capaci-
tance whose value is obtained also by Gupta’s fring-
ing capacitance curves. The Coy; (i =1:-:7) is equal to
1/8 Coy for i##4 and 1/4 Coy for i =4. Cp and Cs can
be evaluated approximately by the commonly used
parallel plate capacitor formula. The components re-
lated to the capacitive coupling between substrate and
the secondary, { Coy s Rsupi» Csupis i = 1,2,3} can be
determined by a series of analytical formulas derived
by Huo et al.™ with the knowledge of transformer
layout and process technology.

4 Experimental verification

For demonstration, a stacked monolithic trans-
former has been fabricated in TSMC’s 0. 13um RF/
MS CMOS process. Figure 3 shows the micrograph of
the implemented transformer. The outer diameters of
both the primary and secondary are 300pm and the
width of metal line is 10pm. The spacing of adjacent
metal lines is 2pm and the turns of the primary and
secondary are four. The S-parameters of the imple-
mented transformer have been measured up to 5GHz
by an Agilent E8363B VNA. The extracted equivalent
circuit parameters of the transformer are as follows:
L, =3.4nH, L,; = 1.3nH, M; = 3. InH (where sub-
script i5j = 1,2,3,4,i<<j). Rq = Rg=3.3Q,Ry =
Ry=12.50.R;y =R;3=1.6Q,R, =R, =6.0Q. My,
=My, =My, =My, = — 1. 61nH, My = My = M
=My;=-0.6MH.,M,3=M, =1.90nH, M s = My,
= —1.85nH.CK, =CK; = 317fF,CK, = CK, = 109fF.
The total overlap coupling capacitance Coy is 6. 1pF.
Cp and Cs are 36. 8fF and 34. 4fF, respectively. The
values of the substrate components are: Coxi =
91. 5fF, Cox. = 109.4fF, Coxs = 200. 9fF; Csum =
13. 7fF, Cgug = 15.9fF, Cgups = 29.5fF; Rgum =
771.0Q, Ry, = 663. 40, Rsups = 340. 8Q. Figures 4 and
5 show comparisons between the modeled and meas-
ured S-parameters. The §;; and S, of both are shown
in Fig. 4. Figure 5 shows the modeled and measured

Freq 100MHz to 5GHz

Fig.4 Si; and S,; of the fabricated stacked transformer

S: . The modeled results show a high agreement with
the measured up to 5GHz. As a matter of fact, the
SRF of the fabricated transformer is lower than
2GHz and the operating frequency is about 1GHz.
Thus,the proposed equivalent circuit has better accu-
racy in RFIC simulation.

5 Conclusion

In this paper,a new 2-II frequency-independent
equivalent circuit model for high-k stacked on-chip
transformers has been developed. The model parame-
ters are extracted mainly based on analytical meth-
ods. Since all components are frequency independent,
it is fully compatible with time domain transient anal-
ysis. An on-chip stacked transformer has been fabrica-
ted in TSMC’ s 0.13ym RF/MS CMOS process to
demonstrate the validity of the proposed model.
Agreement was achieved between the measured and
modeled S-parameters up to 5GHz, which is much
higher than SRF.
Acknowledgement  The authors would like to give
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tion.
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