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Abstract

In this paper, multilayer on-chip transformer is proposed to enhance the operation of device in terms of primary quality factor, primary
inductance, coupling coefficient and self-resonant frequency. Multilayer transformer is designed by considering the multilevel fabrication
concept in RF-VLSI. The demand for miniature on-chip passive components is increased due to the advancement in RF-VLSI design
process. The proposed multilayer on-chip transformer is simulated using High Frequency Structural Simulator and the results are compared
with conventional planar transformer. The proposed multilayer transformer shows 40% improvement in terms of primary quality factor,
15% improvement in terms of primary inductance and 20% improvement in terms of coupling coefficient when compared to conventional
planar transformer. Proposed transformer performance is validated by scaling up the dimensions of transformer from pm scale to mm scale
and fabricating the transformer on FR4 substrate using PCB fabrication techniques. Measurements of fabricated transformer are carried
out using vector network analyser 8719A. Simulated results and experimental results are in good agreement in terms of quality factor,
inductance and coupling coefficient. The proposed multilayer transformer is designed using 0.18 um RF-VLSI technology and has an on-

chip area of 100-um x 100 um making it compatible for RF integrated circuit (RFIC).
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1. Introduction

In recent trends, the demand for silicon based on chip passive com-
ponents is increased in RF integrated circuits due to the develop-
ment in integration mechanism of devices, effective fabrication cost
and rapid market growth [1]. In literature, different transformer ar-
chitectures are proposed using thin-film magnetic cores, monolithic
materials and commercial CMOS devices. These transformers have
variable inductance and low parasitic capacitance value which lim-
its its performance in RF impedance matching circuits and in signal
conversion techniques [2]. In addition to architectures another main
parameter to be considered for the design of transformer is losses in
core which degrades its performance greatly. Skin effect and prox-
imity effect are the two lossy parameters that are considered gener-
ally while analysing transformer performance. Skin effect can be
reduced by increasing outer diameter of the device and proximity
effect can be reduced by increasing width of conductor [3]. But, to
increase the frequency range of operation of transformer we have
to minimize the on-chip area of the device. Thick substrate and high
conductivity material is used as an alternative mechanism to reduce
skin and proximity effect on the device respectively.

On-chip area of device is miniaturized to pm-scale, so the parame-
ters extraction of on-chip transformer is frequency dependent.
Semi-analytical extraction mechanism can be used to obtain fig-
ures-of-merit of on-chip transformer developed based on s-param-
eters. This analysis is validated up to GHz frequency range to ex-
tract transformer parameters [4]. Lumped circuit model is consid-
ered for obtaining inductive coupling, quality factor (Q-factor) and
parasitic values which is operating at higher order frequencies. This
efficient analysis leads to get good agreement between measured
and simulated results of on-chip transformers [5]. On-chip trans-
formers are widely used in RF circuits as matching circuits, in

LNA's and in broadband amplifiers. Turns ratio of the transformer
is to be chosen according to type of application which may be step
up, step down or centre tapped [6] [7]. Symmetric and asymmetric
layout transformer are considered to obtain same or different pri-
mary and secondary quality factor respectively. Symmetric trans-
former architecture is considered in the presented design. Proposed
on-chip multilayer transformer is designed and simulated in High
Frequency Structural Simulator (HFSS) in um scale. The area oc-
cupied by the proposed transformer is 100 umx100 um which is
suitable for RFIC design. Due to fabrication difficulties at um scale,
the proposed multilayer transformer is fabricated on FR4 material
using PCB fabrication in mm scale to validate the simulation re-
sults. Section Il comprises of detailed explanation of multilayer
transformer, Section 111 discusses briefly about results and compar-
ison and section IV is conclusion.

2. Multilayer transformer

Basically, there are two types of on-chip transformer presented in
literature- Active transformers and Spiral transformers. CMOS ac-
tive transformers mainly consists of MOS transistors and the per-
formance of device in the specified frequency range is quite induc-
tive with signal swing [8]. Active inductors suffers with high noise
level and low linearity. Spiral transformers offers high linearity and
low noise but its performance is greatly affected by its physical ge-
ometry. The main drawbacks are low Q-factor, low Self-resonating
frequency, low inductance and large silicon area. The proposed ar-
chitecture is designed in order to improve the performance of spiral
transformer in terms of Q-factor, Inductance, coupling coefficient
and frequency of operation. Quality factor of the device is increased
by considering high substrate thickness and high conductivity ma-
terial like copper. This consideration decreases losses in the device
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and improves quality factor. Multilayer design is considered for the
improvement of inductance by increasing distance between oppo-
site current carrying conductors such that reducing negative mutual
inductance of the device. The structure of proposed transformer is
shown in Figure 1. Two different colours indicates primary and sec-
ondary windings of a transformer. Based on number of turns of the
conductors we define turns ratio. The number of turns of trans-
former shown in Figure 1 is 1.5. So, the turn’s ratio of transformer
is 1.5:1.5. The 3-D view of the transformer is shown in Figure 2.

A3

Fig. 1: Top View of 3-D Transformer with 1.5:1.5 Turn Ratio.

Fig. 2: 3-D View of 3-D Transformer with 1.5:1.5 Turn Ratio.

The construction of transformer is, each half turn of conductor in a
transformer of primary and secondary windings is placed in two
different layers and the conductors are connected through vias. As
the number of turns of primary and secondary windings are same,
the proposed transformer is a symmetric type. Due to this type, the

primary and secondary Q-factor and inductance values of the pre-
sented transformer are same.

3. Results & discussion

Multilayer On-chip transformer design and analysis is carried out
in High Frequency Structural Simulator (HFSS) as a four port de-
vice, using hybrid lumped model for parameter extraction. Pro-
posed multilayer transformer layout parameters are analysed in
terms of Primary Quality factor, Primary Inductance, Coupling co-
efficient and its performance is compared with existing planar
transformer. From the results as shown in Figure 3, Figure 4 and
Figure 5, it is observed that 3-D transformer shows a maximum of
40% improvement in terms of Q-factor, 15% improvement in terms
of Inductance and 20% improvement in terms of Coupling Coeffi-
cient when compared to reported planar transformer. From the re-
sult as shown in Figure 4, the proposed multilayer transformer has
a self-resonant frequency at 80 GHz and shows 45.4% improvement
when compared to reported planar transformer. Proposed trans-
former is a reliable model for the use as integrated transformer in
industrial applications. The values of primary and secondary in-
ductance is in order of nH and coupling coefficient k is <1. The

expressions [1] to [3] are used for obtaining figures-of-merit of mul-
tilayer transformer [3],
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Fig. 3: Comparison of Transformer in Terms of Q-Factor.
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Fig. 4: Comparison of Transformer in Terms of Inductance.
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Fig. 5: Comparison of Transformer In Terms of Coupling Coefficient.
3.1. PCB based multilayer transformer
Fabrication of an on-chip multilayer transformer in micrometre

scale is bit difficult, so the proposed model is validated experimen-
tally by fabricating multilayer transformer on PCB with area of 1.5
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mm x 1.5 mm. FR4 material is used for fabricating the transformer,
dielectric value of material is 4.4 and thickness is 1.6 mm. Multi-
layer transformer fabricated on FR4 substrate is shown in Figure 6.
Experimental setup of the fabricated transformer is shown in Figure
7. Device performance is analysed by using vector network analyser
(8719A) of frequency range from 0.5 GHz to 13.5 GHz. From the
results as shown in Figure 8, Figure 9 and Figure 10, it is observed
that simulated results obtained from HFSS and measured results
from VNA are in good agreement with each other. Hence, based on
the above results proposed multilayer transformer simulation re-
sults can also be validated at high frequencies, if fabricated.

Fig. 6: Fabricated Multilayer Transformer on FR 4(Top and Bottom Lay-
ers).

Fig. 7: Experimental Setup of Multilayer Transformer Using VNA.
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Fig. 8: Comparison of Simulated and Experimental-Q Values.

The performance parameters of proposed multilayer transformer is
compared with existing structures in terms of primary inductance
(Lp-nH), primary Q-factor (Qp), coupling coefficient (k), self-res-
onant frequency (SRF) and area (um2) are reported in Table 1.
From the Table 1, it is observed that the proposed structure shows
better performance in terms of Lp, Qp, SRF and area. As the cou-
pling coefficient of the transformer is high, so the presented trans-
former has better performance in matching circuits and it is oper-
ated at 80 GHz.
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Fig. 10: Comparison of Simulated and Experimental-K Values.

Table 1: Comparison of Transformer Performance

Ref Type L(nH) Q, k SRF Area(um2)
Sole- 100 -

[2] — 175 16 0.96 MHz 712*2286
Sole-

[6] noid 15 14 065 3MHz -

[8] Spiral 88 59 098 20MHz ----

Pro-

posed Spiral 1.8 38 099 80GHz 100*100

Work

4. Conclusion

On-chip multilayer transformer with enhanced performance in
terms of quality factor, inductance, coupling coefficient and self-
resonant frequency is presented. Proposed transformer shows 40%
improvement in terms of quality factor, 15% improvement in terms
of inductance and 20% improvement in terms of coupling coeffi-
cient when compared to conventional planar transformer. Proposed
transformer model is scaled up to mm scale to validate the results
experimentally. There is a good agreement between measured re-
sults of PCB transformer and simulated results in HFSS. Hence, the
proposed model can also be validated at um scale, if fabrication is
made possible. On-chip area occupied by the presented multilayer
transformer is 100 umx100 um, suitable for RFIC applications.

References

[1] Hsu, Heng-Ming, and Hung-Chi Chien. High-Transformers in Cop-
per-Interconnection CMOS Technology. IEEE T Compon Pack T
2009; 32: 578-584.

[2] Moazenzadeh, A., Spengler, N., Badilita, V., Korvink, J. G., &
Wallrabe, U. Wire bonded MEMS-scale on-chip transformers. In
IEEE. Applied Power Electronics Conference and Exposition
(APEC), 2014-March Twenty-Ninth Annual IEEE, pp. 752-756.

[3] Chen, B, Lou, L., Liu, S., Tang, K., Wang, Y., GAO, J., & Zheng,
Y. A semi-analytical extraction method for transformer model. In



International Journal of Engineering & Technology 461

IEEE 14th International Symposium on Integrated Circuits (ISIC),
December-2014, pp. 428-431.

[4] Lin, Liang, Wen-Yan Yin, Jun-Fa Mao, and Kai Yang. Performance
characterization of circular silicon transformers. IEEE T Magn 2008;
44:4684-4688.

[5] Hsu, Heng-Ming, Szu-Han Lai, and Chan-Juan Hsu. Compact layout
of on-chip transformer. IEEE T Electron Dev 2010; 57: 1076-1083.

[6] Gao,Y.,S.Zare, X. Yang, T. X. Nan, Z. Y. Zhou, M. Onabajo, Kevin
P. O'Brien et al. High quality factor integrated gigahertz magnetic
transformers with FeGaB/AI203 multilayer films for radio fre-
quency integrated circuits applications. J Appl Phys 2014; 115:
17E714.

[7]1 Ali M. Niknejad. Inductors and Transformers. IEEE Solid-State Cir-
cuits Magazine. Winter 2014, pp: 30-32.

[8] Wu, Rongxiang, Niteng Liao, Xiangming Fang, and Johnny KO Sin.
A Silicon-Embedded Transformer for High-Efficiency, High-Isola-
tion, and Low-Frequency On-Chip Power Transfer. IEEE T Electron
Dev 2015; 62:220-223.



