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ABSTRACT: This paper presents a study on the main characteristics of an integrated transformer i.e. the low and high cut-off frequencies
(Fc and Fen) and the voltage gain within the bandwidth (Go). After a description of the integrated transformer and its micro-fabrication,
the measured transformer frequency response is given. An equivalent circuit is derived ant the method to determine each element is
shortly described. Then, the paper focuses on the influence of geometrical dimensions and a few characteristics of materials on the low
and high cut-off frequencies (FcL and Fch) and on the voltage gain (Go). An analytical expression is derived for Fe, Fci and Go. The aim of
this article is to identify the main parameters that limit the bandwidth and the voltage gain.
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1 INTRODUCTION

In the field of embedded devices, the development of integrated magnetic components is essential to reduce both sizes and weight.
Different approaches have been used for design and micro-fabrication of integrated magnetic components such as inductors and
transformers:

. Numerous magnetic components were studied for very high frequencies between some tens of MHz and 1GHz. Such
components do not use magnetic material [1], [2].

. Magnetic materials are used in order to increase inductance values or to reduce sizes but such devices are classically used
at low frequency [3], [4].

We studied and micro-fabricated an integrated transformer with ferrite material [5]. This component which exhibits low sizes is
fabricated with different stacked layers on a glass mechanical substrate: Yttrium Iron Garnet (YIG) ferrite for magnetic layers, spiral
conductors in copper, insulator layer using SU8 epoxy-based negative photoresist.

Design and simulations were performed by using a commercial finite element method solver (HFSS). Characterizations were carried
out with both impedance meter and Vector Network Analyzer (VNA).

The aim of this article is to discuss about the main characteristics of this transformer and their limits, i.e. low and high cut-off
frequencies and the gain in bandwidth. Two approaches have been defined for this study:

e With the help of measurements using a VNA and simulations performed with HFSS, an equivalent circuit was defined and
the equivalent circuit parameters have been determined. In this article, the influence of each parameter is studied in order
to simplified the equivalent circuit in different frequency domain. An analytical expression is derived for cut-off frequencies
and for gain.

. Simulations carried out with HFSS by changing geometric parameters and main characteristics of materials allow validating
our results.
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In the second paragraph, we give some information on the design and constitution of the transformer. Characterizations with low
amplitude sinusoidal excitation are given as well. An equivalent circuit is defined in the third paragraph: the equivalent circuit is presented
together with the parameter determination method. The two following paragraphs concern the bandwidth study depending on certain
parameters of the transformer. The influence of some parameters on the low and high cut-off frequencies is discussed. The paragraph
Vl is about the voltage Gain Go of the no-load transformer.

2 INTEGRATED TRANSFORMER FABRICATION
2.1 DevicE DESCRIPTION AND MICRO-FABRICATION

The transformer is intended for driving power switches such as IGBT, Power MOSFET [6], [7], [8]. It was designed for a high coupling
factor between primary and secondary windings, a high magnetizing inductance and a low coupling capacitance between primary and
secondary windings.

The micro-fabricated transformer shown Fig. 1 is made with several stacked layers, insulator layer using SU8 epoxy-based negative
photoresist, conductor layer based on copper and magnetic layer based on ferrite material. The transformer consists in two parts:
Primary and secondary parts of the transformer are almost identical, which are separately fabricated. Each part is composed of:

. a mechanical glass substrate which can be removed at the end of the fabrication if necessary.
. a magnetic substrate with a thickness between 300 and 1000um in various designs

. a coil made in copper

. an air-bridge to connect inner pad to the outer one

Finally, the two part are gluing assembled.

Secondary terminals

ound plane

Lower ferrite

Upper ferrite

Primary terminals
Fig. 1. Photograph of Face to Face transformer

Fig. 2 and illustrate the main geometrical dimensions of the transformer. The two coils exhibit the same number of turns ni1=n>=15
and are rotated by 45°.

In order to bury copper conductors inside the magnetic material, a laser Femtosecond laser micromachining was used. Copper
deposition was performed by RF sputtering, followed by a step of photolithography and wet etching to obtain the spiral coil. In order to
connect central pad to the outer pad an air-bridge was added by using the same previous steps insulator and copper deposition
photolithography and wet etching). Fig. 3 shows a cross section of the transformer.
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Fig. 2. Top view of the transformer [10] g f f P y vy

coils buried in magnetic cores

Table 1. Transformer parameters [10]

N Winding turn 15
w Copper ribbon width 125 um
D Distance between turns 60 um
D1 Distance between the central pad and the first turn 400 um
A Distance between the outside turn and the ground plane 1600 um
\Y Distance between ground plane 800 um
Px=Py Length and width of the outside pad 500 um
Pcx=Pcy Length and width of the central pad 300 um
Pyl Width of the ground plane 200 pm
Lt Device length Li=2* (A+D1+N*W+ (N-1) *D) 9430 um
€ Conductor thickness 30 um
Einsul Dielectric thickness 30-95um
Evici= Evie2 Magnetic material thickness 300—-1000 um

2.2 AC CHARACTERIZATION

Measurements have been carried out to determine the transformer bandwidth and to compare these results with those obtained
by simulation.

The frequency response of the transformer was measured by using the set-up defined Fig. 4.

Generator Vln Transformer Vom

Fig. 4. Measurement set-up
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The primary winding is supplied with a low amplitude sinusoidal waveform corresponding to a classical no-load transformer test.
Both primary and secondary voltages are measured with and oscilloscope. The visualization of the two signal waveforms allows to control
that all signals remain sinusoidal.

Fig. 5 shows the frequency response: (Vout/Vin) dB versus frequency. The bandwidth is defined at +3dB and ranges from

20kHz to 7MHz. The low cut-off frequency (fcu) is equal to 20kHz while the high cut-off frequency (fcn) reaches 7MHz. The gain Go of
the transformer, without any load, is equal to 0.86. One can also observe a resonance around 15MHz.

15 7
Gain=—2% (ds)
Vin
10 A-
Measured
curye
5
- oo b o ] -l .._.-._..--_..._-_._-u..__..~_..,
44 ® iy
$3dB == M-k oot bl il
Freque MHz)
- o ({0
10° = 10" 10° | 100 20

Bandwidth

Fig.5.  Frequency response of the transformer [9]

The influence of both geometrical dimensions and main characteristics of materials on the main characteristics of the transformer
will studied in the next paragraph.

3 EQUIVALENT CIRCUIT

In order to determine which geometrical or physical parameters have an impact on the main characteristics of the transformer i.e.
the cut-off frequencies (fc. and fcn) and the Gain Go. the following steps should be performed:

Step 1:

. Define an equivalent circuit for the transformer,
. Identify each element of the equivalent circuit.

Step 2:
For each main characteristics fc, fcnand Go

. Study the influence of each equivalent circuit parameter by using a simulation tool,
e  Simplify the equivalent circuit for each frequency domain,

° Determine an analytical expression of fc, fcn and Go,

. Study the impact of some dimensions and main characteristics of materials.

31 EQUIVALENT CIRCUIT
An electrical model has been defined (Fig. 6) in order to take into account the losses of the magnetic material according to the

frequency (Rr), the coupling between turns and ground plane (C1 and C2), the proximity and skin effects in the conductors (r1and r2), and
the coupling between primary and secondary inductors (Cx).
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Fig. 6. Electrical model of the transformer [10]

3.2 IDENTIFICATION OF EQUIVALENT CIRCUIT ELEMENTS

In order to extract these parameters, it is considered that the transformer will not operate beyond 50 MHz. Under these conditions
and according to the magnetic material properties, where the relative permeability is constant up to these frequencies, we can consider
that sy, > and Lr are constant over the broad band frequency. One the other, we consider that capacitances Ci, C2 and Ci2 are independent

of the frequency.

So as to extract these different elements, it is necessary to use impedance and admittance matrices obtained by measurements. The
method to obtain parameters are summarized on table 2.

Table 2. Transformer parameters extraction [10]

Parameter Matrix element Extraction
riand 2 Z11, Yizand Yoo Amplitude of the resonance
Lro 12 Slope of 20dB/dec
l1o Y11 and Y12 Slope of 20dB/dec
L2o Y12 Slope of 20dB/dec
Cn Y12 At the resonance
G Y11 At the resonance
G Y22 At the resonance
-10 T T
-20
-30 Y,2 Impedance Measurement lyo+la0
)
=40+
>
2 -50 -
£
-60
[ J—— i i | . L o
107° 102 10 10° o' 10°
Frequency (MHz)

Fig. 7. Y12 parameter versus frequency

An example of the extraction of o, lo and Cy2 is given in figure 7 where the extraction of l.0 and I are obtained by the slope of Y12
parameter for lower frequencies and the C12 parameter is obtained at the resonance frequency.
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4 THE Low CUT-OFF FREQUENCY Fc

In this paragraph, the influence of two equivalent circuit elements (rl1 and Lr), of a geometrical dimension (Einsu) and of a material
characteristic () is studied.

4.1 STUDY OF Low CUT-OFF FREQUENCY VERSUS EQUIVALENT CIRCUIT ELEMENTS.

At low frequency, the three capacitors C1, C2 and C12 can be neglected. If no load is connected to the secondary winding the secondary
winding impedance does not impact low cut-off frequency [16]. Moreover, the core losses at low frequency are weak, that means the
resistance Rris very high and is neglected. Then simplified model suggested by Chris Trask [13], [14] is well suitable to describe the
transformer behavior at low frequency.

r,(f) l,

Fig.8.  Simplified model at low frequency

Then, only three elements define the low-cut frequency of the transformer as shown Fig. 8: the primary leakage inductance 11, the
magnetizing inductance Lr and the primary winding resistance r1. The low cut-off frequency is expressed as follows:

Some simulations are performed to illustrate the influence of these three elements:
4.1.1  INFLUENCE OF THE RESISTANCE R1

At low frequency, both skin effect and proximity effect can be neglected, then the primary winding resistance is independent of
frequency. This resistance only depends on the material resistivity r and the conductor dimensions (length |, width w and thickness eco
[15].

R = —L 2

Fig. 9 shows the evolution of the frequency response for different values of the resistance which ranges from 1.5 to 6 Q, the nominal
value for the fabricated transformers is around 2 Q. These simulations are performed with the equivalent circuit shown Fig. 6.
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Fig. 9. Influence of the resistance r; of the low cut-off frequency

The low cut-frequency linearly increases with the resistance r1 as given by equation (1).

4.1.2 INFLUENCE OF THE MAGNETIZING INDUCTANCE LF

The effect of the magnetizing inductance Lr on the low cut-off frequency Fc is shown on Fig. 10. The same approach is implemented
using the electrical model shown Fig. 6. For these simulations the magnetizing inductance ranges from 20 pH to 30 pH (the typical value

for the fabricated transformer is around 15 pH).
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Fig. 10.

Influence of L on the cut-off frequency (Fc)

As expected, the low cut-off frequency decreases when the increasing of magnetizing inductance.

4.2 STUDY OF LOoW CUT-OFF FREQUENCY VERSUS GEOMETRICAL AND PHYSICAL PARAMETERS OF THE TRANSFORMER

In order to confirm these results, different simulations are performed using HFSS software. Two of them are shown below, the first
one concerns the influence of the air-gap and the second one is related to the permeability of the magnetic material.
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4.2.1 INFLUENCE OF THE AIR-GAP THICKNESS ON THE LOow CUT-OFF FREQUENCY FCL

The air-gap between the two magnetic layers corresponds to the insulator layer made with the SU8 photoresist as shown on Fig.3
[10]. This SU8 layer insures a working insulation voltage around 100 V per some um. Fig. 11 shows the effect of this air-gap on the low
cut-off frequency. By increasing the SU8 thickness between 15 and 50 um, one can observe that the cut-off frequency increases due to
the decrease of the magnetizing inductance.

18 = S
Fcb en kHz -
15 . Gn—_sda
14 -
12 -
10 -
Low Cutoff Frequency (Fch) Versus gap (Thickness SU8)
E o
E -
4 -
27 Insulator thickness (um)
u T T T
10 20 30 40 50

Fig. 11.  Influence of the insulator thickness on the low cut-off frequency
4.2.2 INFLUENCE OF THE RELATIVE PERMEABILITY uR ON THE Low CUT-OFF FREQUENCY FCL

In this paragraph the influence of the magnetic material relative permeability is studied. For high frequency ferrite such as Yttrium
Iron Garnet the relative permeability is quite low, classically less than 100. Fig. 12 shows the evolution of Fc. versus the relative
permeability |1-. One can see that as the permeability rises, the cut-off frequency decreases. Indeed, if the permeability - increases the
magnetizing inductance Lr increases as well. In these conditions, the cut-off frequency Fc. decreases as given by equation (1).

18
16 -
14 A
N 12 1
=
= 10 4
=
£ 8 7
Low Cutoff Frequency (Fcb) Versus Magnetic relative
6 1 permeability (u, ) of YIG
4 A
2 <
Magnetic Relative permeability of the YIG
O T T T T T T T
20 30 40 50 &0 70 80 90 100

Fig. 12.  Influence of the permeability u, on Fq

As a conclusion, one can say that the low cut-off frequency Fc. only depends on three parameters of the equivalent circuit: the
resistance of the primary winding ri, the magnetizing inductance Lr and the leakage inductance I of the transformer primary. In order to
decrease this low cut-off frequency, one can exploit several geometrical and physical parameters such as conductor dimensions, insulator
thickness, relative permeability ...
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5 THE HIGH CUT-OFF FREQUENCY Fg..

In this paragraph, the influence of one equivalent circuit element (C12) and of a geometrical dimension (Einsu) is considered.

5.1 StupyY OF HIGH CUT-OFF FREQUENCY FCH

At high frequency, the resistances r1 and r2 are neglected in comparison with the impedance liw et law. The capacitor Cy, in parallel
with the primary winding do not affect the high cut-off frequency. Then, the equivalent circuit shown in Fig. 13a is used to determine Fc.

By using the Kennelly's Star-Delta Transformation, the circuit shown in Fig. 13b is obtained. The expression of the three inductances LAB,
LAC and LBC are the following:

Ly Xl + 1, XL+ Lg X1y

LAB = LF (3)
L Xl +1l, XLg+Lg X1y
LBC = ll (4)
L Xl + 1, XLg+Lg X1y
Lyc = I ©)
F )i
L1} "
1 Iy I, 1 I, A Lag B 1,

3 ep el B 3

Fig. 13.  Kennelly's Star-Delta Transformation: a) Star, b) Delta

The equivalent circuit shown in Fig. 3 is used to simulate the behavior of the transformer at medium and high frequencies as shown
in Fig. 14. One can see that resonance frequency and high cut-off frequency are very close. An acceptable approximation is to consider
Fer=Freso. In these conditions, an expression of high cut-off frequency is:

1
Fecy = Freso = (6)

reso L > L
2xmx [ G0 x (Cyy +6)

The resonance is due to the inductances Lag in parallel with Lsc and the capacitances C12 in parallel with Ca.

Resonance frequency and High cutoff frequency
15 Fre |
Vs/Ve (dB) 4
10 aE
FcH, i
5 / '
. .
1,E+07 2,E+07 2,E+07 3,E+07 3,E+07 4,E+07
-5 Frequency
-10
-15 ]

Fig. 14. Resonance and high cutoff frequencies

ISSN : 2028-9324 Vol. 34 No. 4, Nov. 2021 729



Study of the bandwidth of an integrated micro-transformer

In order to validate this approximation, we compare in Fig. 15 the resonance frequency calculated with the formula (6) and the high
cut-off frequency determined by simulation with the electrical circuit given in Fig. 3. For a capacitance Ci2 ranging from 6 to 9 pF, there
is not significant difference between these two frequencies.

35
Fch@n@MHz @ Fch@o#3dBAnAVIHz

30 i‘-. A ResoananceffrequencyihMHz
25 A
20 - HighTutofffrequencyfFch)¥ersuslinter? coll Capacity@12@pF)
15 A
10 A

5 4

Inter@ collapacity@12{pF)
0 T T T T T T
6 6,5 7 7,5 8 8,5 9 9,5

Fig. 15. Influence of Ci,
5.2 STuDpY OF HIGH CUT-OFF FREQUENCY VERSUS SU8 THICKNESS
In order to confirm this result, different simulations are performed using HFSS software. The capacitance C1> depends on the insulator

thickness between the two magnetic layers. An approximate formula for C12 is given using the formula of parallel plate capacitor. For this
case d is equal to the insulator thickness Einsu.

S
C= SOSTE (7

Thus, by simulation we varied the insulator thickness to study its influence on the high cut-off frequency. Fig. 16 shows the evolution
of Fen versus Einsu Which ranges from 15um to 45um. The capacitance decreases when the insulator thickness Einsu increases. For low
thickness, the total capacitance C12+Cz decreases and the cut-off frequency increases as expected. But, for high thickness, the capacitance
C12 becomes low and the total capacitance C12+Cz2remains quite constant, the cut-off frequency does significantly not change.

40

35 FchAn@VIHz GO =#3dBR

30 A

HighTutofffrequencydFch)¥ersus@apdThickness SU8)
20 A

10 f

Insulatorithickness{um)
0 1 T T
10 20 30 40 50

Fig. 16.  High cut-off frequency Fc versus insulator thickness Eins,
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In conclusion, the interwinding capacitance Ciz, which is greater than C; limits the bandwidth of the transformer. Moreover, for
switch drivers, Ci2 must to be decreased as low as possible (few pF) [17].

6 THE GAIN Go

The Gain Go is the ratio between the secondary voltage Vs over the primary one for no load. This Gain is defined within the bandwidth.

GOZ

NIPS

(is=0)

In these conditions, one can simplified the equivalent circuit given in Fig. 6: Capacitors are removed and the secondary impedance as
well (no load is connected) as shown Fig. 17.

, nlf)

Fig. 17.  Equivalent circuit within the bandwidth

Classically for these frequencies within the bandwidth, the resistance r1 in much smaller than the impedance liw (ri<<jliw) and the
resistance Rr is greater than Lrw (Rr>>jLrw) [14]. Thus, using voltage divider rule, the gain Gois expressed as follows:

T Lp+1l,

Go

Thus, the gain Go only depends on the ratio between the magnetizing inductance Lr and the leakage inductance |1 [15]. A simulation
with the complete electrical model given in Fig. 6 was performed and the results shown Fig. 17, are compared to those obtained using
formula (8).

Simulated curve

Calculated — "

0,60
0,40
0,20
0,00
0,00 0,10 0,20 0,30 0,40 0,50

Fig. 18.  Gain GO versus the ratio I,/Lr

One can observe that the results given by the two approaches are identical. For a low ratio of |1/Lr i.e. with few leakage flux, the Gain
Go tends towards the maximum value equals to 1 (n1=nz). Conversely, a bad coupling between primary and secondary windings leads to
decrease the gain.
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. In order to confirm these results, simulations were performed by using HFSS. The influence of two parameters
were studied: the insulator thickness between primary and secondary windings
e the magnetic material permeability .

Fig. 19 illustrates the influence of the insulator thickness on the Gain Go for reasonable thicknesses that ranges between 15 and 45pum.
The increase of insulator thickness leads to a less good coupling between windings, which causes an increase of the leakage inductance
and a decrease of the magnetizing inductance.
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Fig. 19.  Gain GO versus SU8 insulator thickness

. The next figure shows the influence of magnetic permeability on the Gain. The higher the magnetic permeability,
the less the leakage flux are important, then, the ratio l1/Lr increases and therefore the gain as well.
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Fig. 20.  Gain GO versus magnetic permeability y,
7 CONCLUSION

The aim of this article was to identify the main parameters that limit the bandwidth and the voltage gain of an integrated transformer.
First of all, the integrated transformer and some information about its fabrication were presented. Thus, a equivalent circuit was defined
and its parameters were determined by using measurements. A study of influence of each element of the equivalent circuit was carried
out and the main results were presented. An expression of cut-off frequencies and Gain of the transformer was determined. Simulations
using a circuit simulation software and a finite element software were performed to confirm our results.
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