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A B S T R A C T

This paper investigates the performance of monolithic on-chip planar transformers implemented on high- 
resistivity substrates incorporating a trap-rich layer (HR-Si + TR), using both experimental measurements and 
electromagnetic simulations. Two transformer topologies, i.e., interleaved and concentric, were fabricated, 
measured, and simulated on both standard silicon (Std-Si) and HR-Si + TR to assess the impact of substrate 
losses. Key figures of merit, including self-resonant frequency (SRF), mutual inductance, reactive and resistive 
coupling factors, and maximum power-transfer efficiency, were extracted and compared. Results show that the 
HR-Si + TR substrate markedly enhances both topologies: for the interleaved transformer, the SRF increases by 
3.8 % from 3.66 to 3.80 GHz, while the peak power-transfer efficiency nearly doubles from 0.33 at 1.42 GHz to 
0.63 at 2.26 GHz; for the concentric transformer, the SRF rises by over 31 % from 3.12 to 4.10 GHz, and the 
efficiency increases more than threefold from 0.06 at 1.48 GHz to 0.22 at 2.15 GHz. These improvements arise 
from the HR-Si + TR substrate’s ability to substantially reduce the resistive mutual coupling factor by minimizing 
eddy current losses in the substrate and raising the impedance of the RC leakage path to ground, thereby limiting 
trace crosstalk and power leakage between traces. The benefits are particularly pronounced in the concentric 
topology, where the larger winding separation amplifies the impact of reduced substrate-induced losses.

1. Introduction

The integration of high-quality magnetic components via silicon 
microfabrication techniques is a critical step toward miniaturized and 
highly integrated power converters [1]. This challenge is particularly 
acute in the context of high-voltage digital isolators, where the minia
turization of inductors and transformers is constrained by stringent ef
ficiency and reliability requirements. The need for large physical 
dimensions arises from the necessity to prevent thermal stress, line 
melting, partial discharges, and electrical breakdown, which are likely 
to occur in high-voltage environments [2]. Consequently, a significant 
deal of research has been devoted to inductor integration, with an 
emphasis on minimizing losses, maximizing the quality factor (Q), and 
achieving the highest inductance value within the smallest footprint 
[3–6]. Along with the use of high-permeability materials, substrate 
resistance is a key factor affecting performance [7]. Indeed, the low- 
resistivity silicon substrates used in the standard CMOS manufacturing 
process have historically limited the integration of high-quality passive 

components like spiral inductors, capacitors, and transformers [8]. 
High-resistivity (HR) silicon substrates have been proposed to mitigate 
substrate noise and enhance the Q-factor of these components [9]. 
However, parasitic surface conduction (PSC) at the oxide/HR-Si inter
face can offset these benefits [10–12]. The incorporation of a trap-rich 
(TR) layer on high-resistivity silicon (HR-Si) effectively suppresses 
PSC, significantly improving the performance of integrated spiral in
ductors [13,14]. This configuration directly affects all key parameters, 
including resonant frequency, Q-factor, and parasitic capacitances, 
enhancing overall efficiency and performance [7].

Similarly, the performance of inductor-based integrated micro- 
transformers is highly dependent on substrate resistivity [15], making 
its optimization a crucial step for their integration into CMOS technol
ogy [16]. Numerous studies have highlighted the critical role of sub
strate material in determining transformer performance, particularly at 
RF and microwave frequencies. For instance, Feng et al. [17] demon
strated that low-resistivity silicon (10 Ω⋅cm) results in significant 
intrinsic losses, whereas high-resistivity silicon (10 kΩ⋅cm) offers 
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superior performance by reducing power dissipation and enhancing the 
Q-factor, making it more suitable for high-frequency applications. Yunas 
et al. [18] showed that replacing standard silicon (Std-Si) with a high- 
resistivity glass substrate improved performance, including an increase 
in the resonant frequency from 60 MHz to 80 MHz and a doubling of the 
coil quality factor. Similarly, Chen et al. [19] reported that glass sub
strates improve transformer bandwidth and reduce losses. Advanced 
substrates, such as microporous silicon, have been shown to mitigate 
substrate-induced effects, such as eddy currents and capacitive coupling, 
leading to higher Q-factors, improved resonant frequencies, and 
increased maximum gain due to minimized power loss [20–22]. Sub
strate removal techniques, such as etching the silicon beneath the 
transformer and transferring the device on quartz, can also enhance 
performance by reducing the mutual resistive coupling factor and 
increasing maximum gain from 0.4 to 0.6, though these approaches face 
significant practical challenges for large-scale production [16]. The use 
of organic substrates, such as depositing thick polyimide layers after 
etching the silicon, has enabled integrated transformers to achieve ultra- 
high isolation (exceeding 7.5 kV) and exceptional efficiency (reaching 
89.55 % at 374 MHz) across wide frequency ranges [23]. Nevertheless, 
techniques like backside etching or suspending the transformer structure 
pose significant challenges. In fact, these techniques carry a high risk of 
damaging the transformer structure and are less practical for mass 
production of RF integrated circuits, as they require costly, non-standard 
processing steps.

In this work, we introduce, for the first time, the use of a high- 
resistivity silicon with a trap-rich layer (HR-Si + TR) to implement 
and evaluate two on-chip transformer topologies: an interleaved trans
former and a concentric transformer. This substrate, previously shown 
to simplify fabrication and enhance the performance of various passive 
components, was selected for its ability to suppress dominant substrate 
loss mechanisms. The HR-Si + TR technology combines bulk conduction 
reduction with the suppression of parasitic surface currents via the trap- 
rich layer, thereby enhancing substrate impedance at RF/microwave 
frequencies. This effectively reduces eddy-current and leakage-path 
losses, a benefit previously demonstrated for other RF passives, 
including CPW lines [24,25], inductors [7], and MIM capacitors [26], 
while maintaining full CMOS compatibility. To validate this approach, 
both transformer designs were fabricated and characterized on Std-Si 
and HR-Si + TR substrates, with key figures of merit, including Q-fac
tor, coupling coefficients, self-resonant frequency (SRF), and power- 
transfer efficiency, assessed through experiments and electromagnetic 
simulations. Direct comparison of these metrics across substrates and 
topologies allows us to quantify the specific impact of the HR-Si + TR 
substrate and highlight its advantages for practical, high-performance, 
CMOS-compatible passive integration.

The paper is organized as follows: Section 2 describes the micro
fabrication flow used to produce the two transformers on both sub
strates. Section 3 introduces the figures of merit employed to evaluate 
the impact of substrate losses on transformer performance. Section 4
compares measurement results with electromagnetic simulations for the 
four structures and outlines the de-embedding procedure. Section 5
presents the results for the individual winding characteristics, followed 
by a detailed analysis of transformer performance. Finally, Section 6
concludes the work.

2. Fabrication process flow

To investigate the influence of substrate RF losses on transformer 
performance, two monolithic transformers were designed and fabri
cated: a high-coupling interleaved transformer and a low-coupling 
concentric transformer. These devices were implemented on two types 
of silicon substrates: (i) a Std-Si with a resistivity of 15 Ω⋅cm, and (ii) an 
HR-Si with a resistivity of 5kΩ⋅cm incorporating a 500 nm-thick TR 
undoped top polysilicon layer with a resistivity of approximately 10 
kΩ⋅cm [27]. The aim of this research is not to determine which topology 

is inherently superior, but rather to quantify and explain, through 
measurements and simulations, how the HR-Si + TR substrate impacts 
each topology independently. The interleaved and concentric topologies 
were selected, on the one hand, for their ease of fabrication, as they 
require only two metal layers: one for the underpasses and another for 
the primary and secondary windings, and, on the other hand, because 
the substrate influences both windings simultaneously, unlike stacked 
transformers. In the stacked configuration, the upper winding is 
decoupled from the substrate and therefore experiences different loss 
mechanisms than the lower winding [28]. In the proposed topologies, 
magnetic coupling occurs primarily laterally (within the same metal 
layer) rather than vertically (across layers). This results in a more 
moderate coupling coefficient compared to stacked transformers but 
offers the advantage of lower interwinding capacitance owing to weaker 
lateral coupling between adjacent traces.

In the Std-Si process flow, insulation is provided by a 500 nm-thick 
thermally grown SiO2 layer (wet atmosphere, 1000 ◦C), while in the HR- 
Si case, a 500 nm-thick undoped polysilicon layer is inserted beneath a 
500 nm-thick PECVD (plasma enhanced chemical vapor deposition) 
SiO2 layer. The transformer microfabrication process is identical for 
both substrates and involves three photolithography steps. Firstly, a 1 
µm-thick aluminum (Al) layer is sputtered by e-beam (σ = 1.72 × 107 S/ 
m) and patterned as the underpasses in the two transformers. Secondly, 
a 0.8 µm-thick PECVD SiO2 is deposited to serve as an insulating layer 
between the two conductive layers. The oxide is deposited in an Oxford 
Plasmalab System 100 (300 ◦C, 1 Torr, 30 W RF, 13.56 MHz, N2O/SiH4 
ratio of 7). The SiO2 layer is then photolithography patterned and etched 
with BHF (buffered hydrofluoric acid) to open vias to contact the bottom 
and top Al layers. Thirdly, a second metal deposition step (2 µm-thick of 
Al) is used to define transformer spiral coils, GSG (ground-signal- 
ground) access pads, and surrounding ground, with etching performed 
in a Corial system using a BCl3 (boron trichloride) and Cl2 (chlorine) 
mixture for dimensional accuracy. The main geometric parameters are 
the number of turns (N), track width (w), spacing between turns (s), 
track thickness (t), inner diameter (d), outer diameter (D), and spacing 
between the two concentric inductors (S), which are listed in Table 1 and 
illustrated in Fig. 1. For both topologies, N, w, and s are the same for 
primary and secondary windings.

3. Figure-of-merit for on-chip transformers

To investigate the effect of substrate losses on the transformer figure- 
of-merit, the first step is to analyze the influence of silicon substrate 
conductivity on each winding individually. This can be done by 
extracting the characteristics of each inductor in the low frequency (LF) 
band, below the self-resonant frequency (SRF), directly from the Z-ma
trix [29–31]. Specifically, the self-inductances (L1 and L2, from Eq. (1)
with indices 1 and 2 denoting the primary and secondary windings, 
respectively), the Q-factors (Q1 and Q2, from Eq. (2), and the resonance 
frequencies (fr1 and fr2, defined as the frequencies where Q falls to zero) 
are determined and compared for both topologies across the two eval
uated substrates. 

Li =
I(Zii)

2πf
|f→low− band; i = (1 or 2) (1) 

Qi =
I(Zii)

R(Zii)
; i = (1 or 2) (2) 

Table 1 
Geometric dimensions of the two designed transformers (all values in µm, except 
N, which is unitless).

Parameters N w s t S d D

Interleaved 3 20 10 2 10 280 620
Concentric 2 11 4 2 75 580 820
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In a second step, for an on-chip monolithic transformer intended for 
power-transfer applications, performance can be described in terms of 
the mutual inductance M (given in Eq. (3), the reactive and resistive 
mutual coupling factors Kre and Kim (given in Eqs. (4) and (5), respec
tively), and the maximum available gain, or power efficiency, Gmax 
(given in Eq. (6) [23]. The latter serves as the most appropriate figure-of- 
merit, as it quantifies the maximum power gain achievable in passive RF 
components when both input and output ports are conjugately matched 
(for maximum power transfer). Gmax can be derived from the Z-param
eters and depends on the Q-factors of the primary and secondary 
windings, as well as the reactive and resistive coupling factors [16]. 

M =
J(Z12)

2πf
|f→low− band (3) 

Kre =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
R(Z12).R(Z21)

R(Z11).R(Z22)

√

|f→low− band (4) 

Kim =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
I(Z12).I(Z21)

I(Z11).I(Z22)

√

|f→low− band (5) 

Gmax = 1+ 2
(

x −
̅̅̅̅̅̅̅̅̅̅̅̅̅
x2 + x

√ )
,where x =

1 − Kre
2

Kim
2Q1Q2 + Kre

2 (6) 

According to Eq. (6), it is clear that increasing the Q-factors and/or 
enhancing the mutual coupling directly leads to an increase in Gmax. 
Therefore, improving transformer performance requires both maxi
mizing the Q-factor of each winding and optimizing the coupling be
tween ports. The following section analyzes these aspects in detail.

4. On-chip measurements validation

On-chip measurements were carried out at room temperature using a 
pair of GSG Infinity probes connected to a Keysight N5242B PNA-X 
vector network analyzer (26.5 GHz). A Short-Open-Load-Through 

(SOLT) calibration was performed in advance to establish the refer
ence planes at the probe tips over the frequency range of 10 MHz–10 
GHz. The measured S-parameters of the transformers resulting from 
experimental characterization were validated in Advanced Design Sys
tem (ADS) software using the following material parameters: (i) the HR- 
Si substrate has a relative dielectric constant of 11.9, as specified by the 
manufacturer, while the deposited trap-rich polysilicon layer has a 
relative dielectric constant of 11.8 [27]; (ii) the thermally oxidized SiO2, 
known for its high quality, has a relative dielectric constant of 4, 
consistent with reported values of 3.9–4.5 [32]; (iii) the dielectric con
stant of the PECVD SiO2 layer was measured to be about 5.8 through the 
characterization of a metal-oxide-metal (MOM) capacitor fabricated 
with the same in-house process; and (iv) the electrical conductivity of Al, 
determined from resistance measurements of individual inductors, cor
responding to about 1.72 × 107 S/m. The last two measurements were 
performed at 1 MHz using a 4284A LCR meter and an MP8MS probe 
station.

After ADS validation of the on-chip measurements, a de-embedding 
procedure was applied to both measured and simulated S-parameters 
to remove the effects of on-chip access pads, interconnect tracks, and 
parasitic ground planes. This allowed accurate extraction of the intrinsic 
transformer Z-parameters. The de-embedded Z-parameters (whether 
measured or simulated) were derived from the extrinsic S-parameters of 
the DUT (SDUT), the open dummy (Sopen), and the short dummy (Sshort), 
according to the following equations sequence [33], where Y-parame
ters denote the admittance at each port derived from S-parameters [34]. 

YDUT1 = YDUT − Yopen (7) 

Yshort1 = Yshort − Yopen (8) 

Z = ZDUT1 − Zshort1 (9) 

Fig. 1. Microfabrication overview: (a) perspective views of the designed structures, interleaved (left) and concentric (right), on the substrates (shown to scale), 
including the open and short calibration dummy structures; and (b) cross-sectional views illustrating the track arrangements in both topologies (interleaved, left; 
concentric, right) as well as the layer stacks in Std-Si and HR-Si + TR substrates. Both transformer topologies were fabricated on each substrate type.
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5. Transformers’ figures of merit extraction

5.1. Individual winding characteristics

The measured and simulated curves used to extract the primary (L1) 
and secondary (L2) self-inductances of the two transformers on Std-Si 
and HR-Si + TR substrates are plotted in Fig. 2. In both cases, the 
curves remain relatively constant over a broad frequency range (10 MHz 
to 1 GHz), and values were extracted from the stationary region at 50 
MHz. For the interleaved transformer, L1 and L2 are almost identical, 
close to 6 nH, reflecting the nearly identical geometry of the primary and 
secondary windings. For the concentric transformer, the larger primary 
winding results in a higher inductance for L1 (9 nH) compared to L2 (7 
nH). Notably, the HR-Si + TR substrate consistently provides slightly 
higher inductance values, as confirmed by both measurements and 
simulations (see Tables 2 and 3 for interleaved and concentric topol
ogies, respectively). This effect arises because the low-resistivity Std-Si 
substrate supports stronger eddy currents (Faraday’s law) induced by 
the time-varying magnetic field of the spiral windings. These eddy 
currents generate opposing magnetic fields that partially cancel the 
primary flux, thereby lowering the effective inductance. By suppressing 
these losses, the HR-Si + TR substrate yields higher inductance values 
[35]. These findings are in agreement with previous studies on large 
spiral inductors comparing Std-Si, HR-Si, and HR-Si + TR substrates [7] 
Table 4.

Measured and simulated quality factor curves of the primary (Q1) 
and secondary (Q2) windings for both transformers on the two substrates 
are depicted in Fig. 3. The Q-factor, defined as the ratio of magnetic 
energy stored to energy dissipated per cycle, is a key indicator of 
inductor efficiency, with higher values reflecting lower losses. On Std-Si 
substrates, the low resistivity severely limits Q due to (i) strong eddy 
current losses induced by the inductor’s time-varying magnetic field 
since more energy dissipation as heat (P = I2

eddyRsub), which thus in
creases the effective inductor series resistance, and (ii) the presence of 
larger parasitic capacitance (Csub), which forms a lossy RC path to 
ground that leaks energy into the substrate [7]. Therefore, the presence 
of more intense eddy currents in the substrate dissipates more energy in 
the form of heat, which presents parasitic power not stored in the 
magnetic field of the inductor. In contrast, HR-Si + TR substrates, which 
offer higher resistivity (minimal eddy currents and therefore lower 
resistive losses) and improved insulation (dielectric losses are reduced), 
lead to a substantial improvement in the Q-factor [7]. In particular, for 
the interleaved transformer, the maximum primary Q1 increases by 
about 2.7 times, from 2.11(@1.16 GHz) for Std-Si to 5.76(@2.09 GHz) 
on HR-Si + TR. For the concentric transformer, Q1 max improves 2.8 

times, from 1.32(@1.21 GHz) to 3.72(@2.07 GHz). These improvements 
are consistent across both topologies and closely match simulations (see 
Tables 2 and 3). The improved Q-factor does not only increase the ef
ficiency of the inductors but also broadens their potential for use in RF/ 

Fig. 2. Measured (solid lines) and simulated (dashed lines) self-inductances L1 and L2 on Std-Si and HR-Si + TR substrates for (a and b) the interleaved transformer 
and (c and d) the concentric transformer.

Table 2 
Measured and simulated characteristics of the interleaved transformer on Std-Si 
and HR-Si + TR substrates.

Std-Si HR-Si + TR

Meas ADS Meas ADS

L1 (nH) 6.019 5.875 6.110 6.013
L2 (nH) 5.918 5.887 6.144 6.030
Q1 max 2.111 @ 1.16 

GHz
2.217 @ 1.17 
GHz

5.761 @ 2.09 
GHz

6.946 @ 2.54 
GHz

Q2 max 1.966 @ 1.16 
GHz

2.216 @ 1.17 
GHz

5.613 @ 2.23 
GHz

6.906 @ 2.54 
GHz

fr1 

(GHz)
4.35 4.35 4.5 4.5

fr2 

(GHz)
4.41 4.41 4.6 4.6

M (nH) 4.457 4.465 4.508 4.487
Kim 0.75 0.76 0.74 0.744
Gmax 0.33 @ 1.42 

GHz
0.35 @1.42 
GHz

0.636@2.26 
GHz

0.683@2.42 
GHz

fres 

(GHz)
3.66 3.7 3.8 3.9

Table 3 
Measured and simulated characteristics of the concentric transformer on Std-Si 
and HR-Si + TR substrates.

Std-Si HR-Si + TR

Meas ADS Meas ADS

L1 (nH) 8.421 8.565 9.432 9.037
L2 (nH) 6.756 6.600 7.381 6.983
Q1 max 1.322 @ 1.21 

GHz
1.40@ 1.22 
GHz

3.721 @ 2.07 
GHz

3.930 @ 2.24 
GHz

Q2 max 1.482 @ 1.5 
GHz

1.490 @ 1.5 
GHz

4 @ 2.56 GHz 4.610 @ 2.68 
GHz

fr1 

(GHz)
3.39 3.93 4.29 4.29

fr2 

(GHz)
3.8 3.8 5 5

M (nH) 2.482 2.771 2.85 2.784
Kim 0.33 0.37 0.33 0.35
Gmax 0.06 @ 1.48 

GHz
0.07 @ 1.48 
GHz

0.22 @ 2.15 
GHz

0.26 @ 2.4 
GHz

fres 

(GHz)
3.12 3.12 4.1 4.2
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mmWave applications. Moreover, the HR-Si + TR substrate reduces 
parasitic capacitance between the inductor traces and the substrate, 
shifting the frequency range of maximum Q upward and yielding higher 
resonant frequencies. Specifically, the measured resonant frequency fr1 
of the primary winding increases by about 3.6 % (from 4.35 GHz to 4.50 
GHz) in the interleaved case and by about 25 % (from 3.39 GHz to 4.29 

GHz) in the concentric case (see Tables 2 and 3). This observation has 
been validated in both transformer topologies, as evidenced by the 
delayed zero-crossing of the Q curve in the HR-Si + TR case compared to 
the Std-Si substrate (Fig. 3). Altogether, the reduction of substrate losses 
and parasitic capacitance explains the clear improvement in transformer 
performance on HR-Si + TR substrates, in line with previous studies on 
spiral inductors [7].

5.2. Transformers’ figure-of-merit

The performance of the transformers as a function of substrate losses 
was analyzed at two levels of coupling. The first, purely inductive, 
considers (i) the mutual inductance (M) between the primary and sec
ondary windings, which quantifies the electromagnetic coupling 
through the intertwined inductor traces, and (ii) the reactive mutual 
coupling factor (Kim), or simply coupling coefficient k, which indicates 
the efficiency of magnetic flux linkage between the windings (with k = 1 
representing ideal lossless coupling). The latter is defined as the ratio of 
mutual inductance to the geometric mean of the self-inductances. At 
microwave frequencies (>1GHz), distributed effects become significant 
as the wavelength approaches the physical dimensions of the traces. 
Fig. 4 presents the measured and simulated M and k for the interleaved 

Table 4 
Comparison of transformer performance across different substrate types.

Reference Substrate CMOS 
compatible

Gmax fres 
(GHz)

[16] Std-Std/ 
Quartz

Yes 0.4 @ 5 GHz/0.6 
@ 8 GHz

− -

[18] Std-Si/glass No − - 0.064/ 
0.08

[20] Std-Si/Si- 
porous

No 0.53 @ 3.3 GHz/ 
0.77 @ 5.4 Ghz

4.4/ 
11.3

Our work 
(interleaved)

Std-Si/HR- 
Si + TR

Yes 0.33 @ 1.42 
GHz/0.63 @ 
2.26 GHz

3.66/ 
3.8

Our work 
(concentric)

Std-Si/HR- 
SI + TR

Yes 0.06 @ 1.48 
GHz/0.26 @ 2.4 
GHz

3.12/ 
4.1

Fig. 3. Measured (plain lines) and simulated (dashed lines) Q1 and Q2 on Std-Si and HR-Si + TR substrates for (a and b) the interleaved transformer and (c and d) the 
concentric transformer.

Fig. 4. Measured and simulated mutual inductance M and reactive coupling factor k on Std-Si and HR-Si + TR substrates, (a and c) for the interleaved transformer 
and (b and d) for the concentric transformer.
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and concentric transformers on Std-Si and HR-Si + TR substrates. Again, 
eddy currents induced in the high-ρ substrate can slightly increase the 
net mutual inductance (see Tables 2 and 3, values extracted at 50 MHz). 
However, since k (= M/

̅̅̅̅̅̅̅̅̅̅
L1L2

√
) is a function of the mutual inductance 

and self-inductances, and all decrease almost proportionally, k may 
remain unaffected. These results indicate that M and k primarily depend 
on the geometry and relative arrangement of the windings, with only 
minor influence from substrate resistivity. It is also noteworthy that 
poorly coupled or asymmetric transformer designs, where one winding 
is closer to the substrate, result in less improvement in M ensured by the 
high-ρ substrate, while larger windings induce stronger eddy currents 
beneath. As observed, the interleaved transformer exhibits a coupling 
coefficient k approximately twice that of the concentric design, under
scoring the critical role of geometry in magnetic coupling efficiency.

At the second level of analysis, transformer performance is examined 
with respect to resistive losses (including conductor resistance, dielec
tric absorption, etc.) that degrade power gain. These are brought 
together in the resistive mutual coupling factor (Kre), which quantifies 
energy dissipation resulting from interactions between the primary and 
secondary windings (reduction of power transfer) and their environment 
(heat dissipation), which become significant with frequency. In other 
words, Kre refers to unwanted resistive paths between the primary and 
secondary windings of a transformer, typically through the substrate. 
These paths dissipate energy as heat, reduce efficiency, and degrade 
overall performance. Fig. 5a shows the measured and simulated Kre for 
the interleaved transformer on Std-Si and HR-Si + TR substrates, while 
Fig. 5b gives the corresponding results for the concentric transformer. At 
low frequencies, Kre approaches zero for both topologies, as coupling 
between the inductors is predominantly inductive and essentially loss
less. It is worth noting that the interleaved transformer exhibits higher 
Kre at elevated frequencies due to skin and proximity effects, which alter 
current distribution and concentrate it on the conductor surface, raising 
resistive losses mainly in the adjacent traces. At higher frequencies, Kre 
assumes finite, non-zero values, which are significantly reduced for both 
topologies when using high-resistivity substrates. Indeed, low-resistivity 
substrates exacerbate eddy currents that oppose the transformer’s 
magnetic field, dissipating energy as heat, and simultaneously act as 
low-resistance paths between windings, creating parasitic resistive 
connections that increase crosstalk and losses. Therefore, evaluating the 
reduction of substrate losses via Kre is essential for understanding its 
impact on the maximum available gain in both transformer topologies.

The Gmax (≤1 for passive components) represents the optimal power 
coupling capability of the transformer under ideal impedance-matching 
conditions to eliminate reflections, accounting for the transformer’s 
intrinsic losses and parasitic elements. Fig. 6 presents the measured and 
simulated Gmax versus frequency for the interleaved and concentric 
transformers on Std-Si and HR-Si + TR substrates. The results demon
strate that improving the Q-factors of the primary and secondary 
windings, while reducing resistive mutual coupling, directly leads to 
higher gain. A substantial improvement in Gmax is observed for the 
interleaved transformer, which rises from 0.33 (@1.42 GHz) to 0.63 
(@2.2 GHz), an improvement of over 90 %. The concentric transformer 
exhibits an even larger enhancement, increasing from 0.06 (@1.48 GHz) 

to 0.22 (@2.15 GHz), corresponding to a 267 % relative increase. This 
upward shift of the Gmax peak results from the HR-Si + TR substrate 
suppressing parasitic surface conduction and increasing effective sub
strate impedance, which reduces resistive losses and lowers parasitic 
capacitance. These changes raise the resonant frequency and winding Q- 
factors, causing the maximum available gain to occur at a higher 
frequency.

On the other hand, the operating bandwidth, defined as the fre
quency range below the self-resonant frequency (SRF, fres) where the 
device operates efficiently, also improves markedly. For the interleaved 
transformer, fres increases modestly from 3.66 GHz to 3.8 GHz (a 3.8 % 
improvement), whereas for the concentric transformer, it rises from 
3.12 GHz to 4.1 GHz (a 31 % improvement). These results confirm that 
transformer topology strongly governs the performance gains enabled 
by the HR-Si + TR substrate. In the interleaved case, where primary and 
secondary traces are adjacent and tightly packed, magnetic coupling is 
relatively strong; thus, while the efficiency nearly doubles (from 0.33 to 
0.63), the improvement is moderated by persistent resistive mutual 
coupling. In contrast, the concentric transformer, with its radially 
separated windings and inherently weaker coupling, benefits more from 
the HR-Si + TR substrate by suppressing leakage paths and raising 
substrate impedance. Its efficiency improves by more than threefold 
from 0.06 to 0.22. This pronounced gain in the concentric design is 
attributed to the larger winding separation (75 µm), which lowers 
parasitic and resistive coupling between windings and allows the ben
efits of the quasi-lossless HR-Si + TR substrate.

The studied key figures of merit for both transformers are summa
rized in Tables 2 and 3. Overall, the reduction of substrate losses clearly 
enhances high-frequency performance, increasing the bandwidth and 
energy efficiency of on-chip transformers. These results demonstrate 
that HR-Si + TR substrates effectively broaden the operational range of 
integrated transformers, making them highly suitable for RF and mi
crowave applications.

6. Substrate impact on transformers’ characteristics

Similar to HR-Si + TR substrates, several studies have shown that 
alternative substrates, such as glass, porous silicon, quartz, and poly
imide, can substantially enhance transformer performance compared to 
Std-Si. Table 1 summarizes key results from previous works, enabling a 
direct and relevant comparison with our findings. For instance, 
patterned ground shields (PGS) implemented beneath transformers can 
achieve a higher Gmax (~0.75) compared to an unpatterned design, 
although this improvement becomes more pronounced at higher fre
quencies [16]. At low frequencies, ohmic losses associated with the 
ground pattern can slightly degrade the Q-factors of the coil-based 
transformer. On glass substrates, for example, an integrated interwind
ing transformer exhibited a 25 % increase in resonant frequency 
compared to Std-Si, rising from 64 MHz to 80 MHz [18], and nearly 
doubled the Q-factor of the individual coil (where L1 and L2 are the 
same) from 0.35 to 0.61. Porous silicon has also been reported to pro
vide significant improvements over Std-Si for an interleaved transformer 
where Gmax improved from 0.53 to 0.77 (~40 % increase), the fres 

Fig. 5. Measured and simulated mutual resistive coupling Kre on Std-Si and HR-Si + TR substrates for (a) the interleaved transformer and (b) the concentric 
transformer.
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increased from 4.4 GHz to 11.3 GHz (~157 % improvement), and the 
single-coil (where L1 and L2 are the same) Q-factor tripled, from 3.1 to 
9.3 [20]. While porous silicon offers substantial performance gains, its 
fabrication is time-consuming and costly, limiting large-scale produc
tion. Likewise, replacing Std-Si with quartz beneath an interleaved 
transformer increased coil Q-factors from 3 to 8 (~2.6 times) above 3 
GHz, while Gmax improved from 0.4 to 0.6 after substrate etching [16].

In our work, the HR-Si + TR substrate achieves comparable or su
perior benefits, particularly in terms of resonant frequency and power 
gain efficiency. To the best of our knowledge, its use for integrated 
transformers has not yet been reported, and the primary aim of this work 
is precisely to fill that gap. The key advantage lies in the TR layer, which 
suppresses parasitic surface conduction (PSC) at the Si–SiO2 interface. In 
standard HR-Si, fixed oxide charges can induce an inversion or accu
mulation layer that forms a conductive sheet, supporting leakage cur
rents and aggravating eddy-current losses. By contrast, the TR layer 
introduces a high density of recombination centers that capture free 
carriers and pin the Fermi level, effectively eliminating this parasitic 
conduction path and restoring the effective substrate resistivity to values 
close to near-intrinsic values. This mechanism directly reduces substrate 
losses and boosts the effective winding quality factor. Our measure
ments confirm Q-factor improvements of ~ 2.7 times for the interleaved 
transformer and ~ 2.8 times for the concentric design. Since Gmax de
pends strongly on both Q-factor and resistive mutual coupling, sup
pressing PSC also leads to substantial gains in power-transfer efficiency: 
Gmax nearly doubled for the interleaved transformer and more than 
tripled for the concentric structure. The reported performance im
provements are based on quantitative measurements (de-embedded S- 
parameters and derived metrics) and are corroborated by full-wave EM 
simulations, highlighting the critical role of the TR layer in enabling 
high-performance RF transformer integration.

Unlike glass or porous silicon, the HR-Si + TR is already employed in 
commercial SOI CMOS technologies (e.g., RF switches [36]), ensuring 
full CMOS compatibility and manufacturing scalability. This makes it 
particularly well-suited for high-performance RF transformer integra
tion in applications such as digital isolators for power transfer and 
energy-harvesting circuits [37,38].

7. Conclusion

This work investigated the influence of high-resistivity silicon sub
strates with an undoped trap-rich layer (HR-Si + TR) on the performance 
of two on-chip planar transformer topologies: interleaved and concen
tric. Both structures were fabricated and characterized on standard sil
icon and HR-Si + TR substrates, with results validated through 
electromagnetic simulations. Key metrics, including self-inductance, 
individual winding quality factor, reactive and resistive coupling fac
tors, mutual inductance, resonant frequency, and maximum power- 
transfer efficiency, were extracted to quantify the impact of substrate 
losses. The data demonstrated that substrate losses predominantly 
degrade the maximum available gain and increase resistive coupling at 
gigahertz frequencies, while mutual inductance and reactive coupling 
remain largely geometry-driven. Using HR-Si + TR improved the 
winding Q-factor by 2.5 times for the interleaved and 2.1 times for the 

concentric design, with self-resonant frequency increases of 3.8 % (3.66 
to 3.80 GHz) and 31 % (3.12 to 4.10 GHz), respectively. Correspond
ingly, peak power-transfer efficiency nearly doubled for the interleaved 
design (0.33 at 1.42 GHz to 0.63 at 2.2 GHz) and more than tripled for 
the concentric topology (0.06 at 1.48 GHz to 0.22 at 2.15 GHz). The 
more pronounced gains in the concentric topology are attributed to its 
wider winding separation, which amplifies the benefits of reduced eddy- 
current and leakage-path losses. Importantly, HR-Si + TR is fully CMOS- 
compatible and introduces no significant fabrication overhead, making 
it a practical solution for high-performance on-chip transformers. These 
findings highlight its potential to enhance transformer efficiency and 
bandwidth in RF and microwave applications, including impedance- 
matching networks, isolation circuits, and power-transfer systems.
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