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On-Chip Transformer: Overview, Apllications and Modeling

Rawid Banchuin

Abstract

According to the chronological literature survey, there exist three types of the on-chip transformer i.e the
traditional on-chip passive transformer, the Distributed active transformer (DAT), and the CMOS gyrator-C
active transformer (Yuan 2007). Formerly, there exist many review articles on the on-chip transformer.
However, these articles focus on the on-chip passive transformer due to its renowns where as DAT and CMOS
gyrator-C are overlooked.

Hence, the review on the on-chip transformer with the formerly overlooked DAT and CMOS gyrator-C active
transformer also focused has been proposed in this study. The overviews, applications and modelings of all
three types of the on-chip transformer have been discussed. Furthermore, an interresting open research issue

is also suggested.
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1. Introduction

On-chip transformer is an important building
block in various applications for example, amplifier,
mixer and filters. Traditionally, it can be constructed
by using only the passive elements i.e. the metal
conductors on the silicon substrate. This traditional
on-chip transformer can be regarded as on-chip
passive transformer. On the other hand, there exist
the Distributed active transformer (DAT), which
contains both passive and active elements i.e. metal
conductors and transistors. Finally, the active
element based on-chip transformer has been
recently proposed in (Yuan, 2007). This active on-
chip transformer is entitled the CMOS gyrator-C
active transformer because it contains only MOS
transistors without any intrinsic passive element.

Formerly, there exist many review articles on the
on-chip transformer for example (Long, 2000).
However, these articles focus on the traditional on-
chip passive transformer due to its renowns where
as those issues on DAT and CMOS gyrator-C active
transformer are overlooked even though they are
also remarkable.

In this paper, the review on the on-chip
transformer has been proposed with the formerly
overlooked issues which are DAT and CMOS
gyrator-C active transformer also considered
together with the often cited traditional on-chip
passive transformer. The overviews, applications
and modelings of the tradional on-chip passive
transformer, DAT and the recently proposed CMOS
gyrator-C active transformer, have been discussed.

Furthermore, an interresting open research issue is

also suggested at the end of this paper.

2. On-Chip Passive Transformer

On-chip  passive transformer can  be
constructed by the magnetic coupling of the spirally
wounded metal conductors which can be laid out on
the silicon substrate. Obviously, the on-chip passive
transformer is a purely passive element without any
intrinsic active component. The coupling coefficient,
k, which defines the strength of the magnetic
coupling between the windings can be defined
accoring to (Rapulo 2008) as
2
Kn = ivl 1 (M)
ps

where M, Lp and L, denote the mutual, primary
and secondary self inductances respectively. For
the on-chip passive transformer, 0 < kmS 1 since
the magnetic flux linkage is low.

According to the layout of the windings, the on-
chip passive transformer can be widely classified in
to two folds entitled staked transformer and
interleaved transformer (Rapulo, 2008) which will be

discussed in the following subsections

2.1 Stacked transformer
For the stacked transformer, both primary and
secondary windings are stacked over each other as

can be seen in the following figure (Rapulo, 2008)
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Figure 1 Stacked Transformer (Rapulo, 2008)

Since one of the windings is closer to the
substrate, the stacked transformer is considered to
be asymmetric. Furthermore, the mutual inductance
and the occupied area are relatively large compared

to that of the interleaved transformer.
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2.2 Interleaved transformer

For the interleaved transformer, both windings

are laid out on the same plane as depicted below
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Figure 2 Interleaved Transformer (Rapulo 2008)

As both windings are laid out symmetrically on
the same plane, the interleaved transformer is
considered to be symmetric. The mutual inductance
is lower than that of the stacked transformer due to
smaller flux linkage between both windings.

Practically, various nonidealities for example,
finite conductivity of the windings, finite resistivity of
the subsrate, eddy currents in the windings and
substrate and lateral electric field between windings,
exist. It should be mentioned here that the
interwinding capacitances caused by the lateral
electric field between windings of the interleaved
transformer are smaller than those of the stacked
transformer.

Due to the existence of these nonidealities, the
behaviors of the on-chip passive transformer deviate
from those of the ideal transformer. Hence, the
model which simulates these deviated behaviors is
necessary for convenience in the design and
analysis of various on-chip passive transformer
based applications for example, low voltage VCOs
(Kwok, Luong, 2005), low power/low noise mixers
(Long, Copeland, 1995), low power LNA (Zhou,
Allstot, 1998), high Q BP filter (Kulyk, Haslett, 2006)
and integrated baluns (Kaczman et.al, 2006). The
cited model can be derived as the equivalent circuit
model which can be either lumped or distributed

(Rapulo, 2008). An example of the lumped

equivalent circuit model has been proposed in (El-

Gharniti et.al, 2006) and can be depicted below

K coupling

= coefficient
iLp.Ls)
Rsid1
Clpp

L
Csld1 [
F%
A AN
Lp R
Cde e
Rph
S+
Csld2 || Csldd

1 f
Css
Rsid3

Figure 3 On-chip passive transformer’s lumped
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equivalent circuit model proposed in (EI-Gharniti
et.al., 2006)

The analytical expressions of the circuit elements
within this model which shown in (EI-Gharniti et.al.,
2006), are derived based on the geometry of the
transformer along with the physical properties of the
windings and substrate. Hence, this model is
derived with the analytical/empirical modeling
(Rapulo, 2008).

On the other hand, an example of the distributed
equivalent circuit model has been proposed in
(Klemen et.al, 2004) and can be depicted in Fig.4.
The analytical expressions of the circuit elements
within this model which shown in (Klemen et.al,
2004), are derived based on the S-parameters of the
on-chip passive transformer which is one of the
behavior of the transformer it self. Hence, this model
is derived with the behavioral modeling (Rapulo,
2008). This model contains a large number of mutual
inductances which may corrupt the passivity of the

model.
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One remarkable application of the on-chip
passive transformer is the bandwidth enhancement
of the CMOS amplifier based upon the inductive
peaking techniques (Allstot etal, 2006). A
conventional approach is the bridge T-coil peaking
which requires a symetric transformer for example,
interleaved transformer. An improved approach is
the asymetric T-coil peaking which gives higher BW
extension ratio than the conventional approach by
utilizing an asymetric transformer for example,
stackted transformer. This approach has been used
in the extended BW differrential amplifier proposed
in (Klemen et.al, 2004). The bridge T-coil (BTC)
peaked and asymetric T-coil (ATC) peaked CMOS
amplifiers can be depicted in Fig. 5 and 6
respectively (Allstot et.al, 2006).

Apart from stacked and interleaved transformers,
various improved on-chip passive transformer with
differrent layout schemes have been proposed for
interleaved transformer,

example, centertapped

laterally shifted stacked transformer, diagonally
shifted stacked transformer and stacked interleaved
transformer (Pan et.al, 2004) which various trade-

offs are attemped among them.

Figure 5 BTC-peaked CMQOS amplifier (Allstot et.al,
2006)
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Figure 6 ATC-peaked CMOS amplifier (Allstot et.al,

Cc2

2006)
3. Distributed Active Transformer (DAT)

DAT is originally proposed in (Aoki et.al, 2002)
Major applications of DAT are the impedance
transformation and power combining which are

significant issues in the power amplifier design. The
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foundation concept of DAT is the combination of
many 1:1 transformers by connecting their
secondary terminals in series in order to efficiently
perform the impedance transformation. By using the
circular shape based combination, both impedance
transformation and power combining can be
achieved simultaneously. In order to achieve the
cited circular shape based combination, many on-
chip slab inductor based CMOS push-pull power
amplifiers connected in the circular geometry are
used for the independent primary windings where as
a single turn spiral inductor is used as an output
which is equivalent to the series connection of the
secondary windings. The gates of the transistors
within each push-pull power amplifier are connected

by a curl inductive metal. Furthermore, the cross

connected drain capacitors are also included.

By using four push-pull power amplifiers which
obviously contain eight transistors, DAT can be
realized as proposed in (Aoki et.al, 2002) and can

be depicted as follows

Figure 7 DAT with 4 CMOS push-pull power
amplifiers (Aoki et.al, 2002)

Generally, If n transistors (n/2 push-pull

amplifiers) are used then simultaneous 1:n
impedance transformation and n transistors power
combining can be obtained. A remarkable feature of

DAT is that both passive and active components i.e.

inductive metals and transistors respectively are

utilized.

An example of the improved DATs has been
proposed in (Kim et.al, 2005). This improved DAT
which implemented on the GaAs substrate gives
significant reduction in both loss and coupling from
the DAT to the feed line due to the reduced metal
resistance and tighter coupling between the primary
and secondary windings. Furthermore, the occupied
area of this improved DAT is not larger than that of
the conventional one. The top view of this improved

DAT can be depicted as follows
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Figure 8 Top view of the improved DAT proposed in

Lt

(Kim et.al, 2005)

For the modeling of DAT, it has been proposed in
(Kim et.al, 2005) that the standard transformer
model is adequate for the modeling of DAT since
DAT is equivalent to a single-turn coupled-inductor
transformer. On the other hand, an equivalent circuit
model for a quarter of the DAT which serves as the
basis of the simulation has been proposed in (Jeon,

Rutledge, 2005). This model is depicted as follows.
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Figure 9 Equivalent circuit model for a quarter of

the DAT proposed in (Jeon, Rutledge, 2005)
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The parameter extraction of this model has been
performed based on the measured 4-port S-
parameters of the DAT. So, it can be seen that this
model is derived by the behavioral modeling. Unlike
the on-chip passive transformer, DAT has not been
applied to various applications but the impedance

transformation and the power combining.

4. CMOS Gyrator-C Active Transformer

An on-chip active transformer without any
inductive metal, has been proposed in (Yuan, 2007).
This on-chip active transformer was constructed by
using the active coupling of the gyrator-C based
active inductors via the transconductors. There are
two topologies for the gyrator-C active transformer
entitled topology 1 and topology 2 which the active
coupling transconductor currents flow oppositely.
Their conceptual circuit diagrams can be depicted

as follows (Yuan, 2007).
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Figure10 Conceptual circuit diagrams of topology 1
(above) and topology 2 (below) gyrator-C active

transformer (Yuan, 2007)
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According to ((Tang et.al, 2009)-(Tang et.al,

2008)), each transconductor within the active
transformer has been simply realized by a MOS
transistor. So, the resulting active transformer can be
entitted CMOS gyrator-C active transformer. Here,
the realizations of both topologies of the CMOS
gyrator-C active transformers which proposed in
(Yuan, 2007) are now depicted in fig 11. According
to (Tang, et.al 2009), the CMOS gyrator-C active
transformer has many far superior characteristics to
the conventional on-chip passive transformer for
example, electronically tunable coupling ratio and
voltage transfer ratio, larger/electronically tunable

self/mutual inductances, higher/electronically
tunable quality factors and a smaller chip area.

As an example of these electronically tuning
capabilities, the coupling factors of the topology 1
transformer

CMOS gyrator-C  active is given

according to (Yuan, 2007) by
g 2
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denote the transconductances of the winding

transistors (M1-M4) where as g,, and g,, denote the
transconductances of the coupling ones (M5 and

M6). Obviously, both k., and k, can be

electronically tuned via g.,, g and g,, which

m2r G1z
are functions of the bias currents supply to M1-M6.
Other parameters for example, self and mutual
inductances can also be electronically tuned in the
similar fashion.

Since the CMOS gyrator-C active transformer
can be employed in various applications such as
etal 2009), VCO

quadrature oscillators (Tang,
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(Tang, et.al 2007), current-mode phase-lock loops
(Diclemente, et.al 2008)and QPSK modulators
(Tang, et.al 2008), it has been found to be a
powerful up coming rival of the on-chip passive

transformer.

For the modeling, the effects of both major

nonidealities of the CMOS gyrator-C active
transformer which are unwanted parasitic elements
and finite transition frequency of the basis MOS
transistor must be captured. Unlike, the on-chip
passive transformer, only a few model of the CMOS
gyrator-C active transformer have been proposed in
(Yuan, 2007) and (Tang, et.al 2007). As an example,
the model proposed in (Tang, et.al 2007) can be
depicted in Fig. 12. Unfortunately, these models take
only parasitic elements into account and overlook

the finite transition frequency. So, these models are

incomplete and a complete model which takes both

major nonidealities into account is strongly
demaned.
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Figure11 Realization of CMOS-gyrator-C active
transformer: Topology 1 (above) and Topology 2
(below) (Yuan, 2007)

Figure12 CMQOS gyrator-C active transformer model

proposed in (Tang, et.al 2007)

5 Conclusion

In this paper, the overviews, applications and

modelings of the tradional on-chip passive

transformer, DAT and the recently proposed CMOS

gyrator-C active transformer, have been discussed.

Similarly to the on-chip passive transformer, there

exist various applications of the CMOS gyrator-C

active transformer while those of DAT are almost
limitted to the impedance transformation and power
combining. Unlike the on-chip passive transformer
which many efficient models have been proposed,
there exist only a few incomplete models of the

CMOS gyrator-C active transformer even though it is

very applicative. Hence, the complete modeling of

the CMOS gyrator-C active transformer has been
suggested as an interresting open research issue.

6. Referrences

Yuan, F. (2007). CMOS Gyrator-C Active
Transformers. IET Circuits Devices Syst., Vol. 1,
No. 6, 494-508.

Long J.R. (2000). Monolithic Transformers for Silicon

RF IC Design, IEEE J. Solid-State Circuits, Vol.
35, No. 9, 1368-1382.

Rapolu, K. (2008). Broadband Modeling of On-chip
Transformers for Silicon RFICs (Thesis), Oregon
State University.

Kwok, K. and Luong, H.C. (2005). Ultra-low-voltage

CMOS

high-performance VCOs using



218 Rawid Banchuin

transformer feedback, [EEE J. Solid-State
Circuits, Vol. 40, No. 3, 652-660.

Long J.R. and Copeland M.A. (1995). A 1.9GHz
Low-Voltage Sili-con Bipolar Receiver Front-End
for Wireless Personal Com-munication Systems,
IEEE J. Solid-State Circuits, Vol. 30, 1438-1448.

Zhou, J.J. and Allstot, D.J. (1998). Monolithic

Transformers and Their Application in a
Differential CMOS RF Low-Noise Amplifier, IEEE
J. Solid-State Circuits Vol. 33, 2020-2027.

Kulyk, J. and Haslett, JW. (2006). A Monolithic
CMOS 2368+/-30 MHz Transformer Based Q-
Enhanced  Series-C ~ Coupled Resonator
Bandpass Filter, IEEE J. Solid State Circuits, Vol.
41, No. 2, 362-374.

D. Kaczman et al.,(2006) A single-chip tri-band
(2100, 1900, 850/8000 MHz) WCDMA/HSDPA
cellular transceiver, [EEE J. Solid State Circuits,
Vol. 41, 1122-1132.

El-Gharniti, Q., Kerhervé, E. and Bégueret, J.B.
(2007). Modeling and Characterization of On-
Chip Transformers for Silicon RFIC, IEEE Trans.
Microwave Theory and Techniques, Vol. 55, No.
4, 607-615.

Klemens, G., Bhagat, M., Jessie, D., and Frederick,
N. (2004) Analysis and circuit modeling of on-
chip transformers, Proceedings of The IEEE
Topical Meeting on Silicon Monolithic IC in RF
Systems, September 8-10.

Allstot D.J., Charles, C.T., Kodali, S., Li, X., Ozis,
D., Paramesh, J., Shekhar, S., Walling, J.S.
(2006). CMOS Integrated Transformers: Coming
of Age, Proceedings of ICSICT2008, Shanghai,
China, October 23-26.

Pan, S.J.,Yin, W.Y. and Li, L.W. (2004). Comparative

Investigation on Various On-Chip Center-Tapped

Interleaved Transformers, International Journal of
RF and Microwave Computer-Aided Engineering
Vol.14, 424 — 432,

Aoki, l.et.al. (2002). Distributed Active Transformer—
A New Power Combining and Impedance-
Transformation  Technique, [EEE  Trans.
Microwave Theory and Technique , Vol. 50,
No.1, 316-331.

Kim, S. etal. (2005). An Optimized Design of
Distributed Active Transformer, [EEE Trans.
Microwave Theory and Technique, Vol. 53,
No.1, 380- 388.

Jeon, S. and Rutledge, D.B. (2005). A 2.7-kW, 29-
MHz Class-E/Fodd Amplifier with a Distributed
Active Transformer, Proceeding of the IEEE MTT-
S International Microwave Symposium Digest,
1927-1930

Tang, A., Yuan, F. and Law, E. (2009). CMOS Active
Transformers and Their Applications in Voltage-
Controlled Quadrature Oscillators, Analog Integr
Circ Sig Process.

Tang, A., Yuan, F. and Law, E., (2007). Low-Noise
CMQOS Active Transformer Voltage-Controlled
Oscillators, Proceeding of The IEEE MWCAS'07,
1441-1444.

DiClemente, D., Yuan, F. and Tang, A., (2008).
Current-Mode Phase-Locked Loops With CMOS
Active Transformers, IEEE Trans. Circuits and
Systems—II: Express Brief, Vol. 55, No. 8, 1441-
1444.

Tang, A., Yuan, F. and Law, E. (2008). A New CMOS
Active Transformer QPSK Modulator With
Optimal Bandwidth Control, [EEE Trans.

Circuits and Systems—II: Express Brief, Vol.

55, No. 1, 1-15.



