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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 

(FCL and FCH) and the voltage gain within the bandwidth (G0). 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 (G0). An analytical expression is derived for FCL, FCH and G0. The aim of 
this article is to identify the main parameters that limit the bandwidth and the voltage gain. 

KEYWORDS: Integrated transformer, bandwidth, cut-off frequencies, gain. 

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: 

• 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 
VI is about the voltage Gain G0 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 1000µm 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. 

 

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 n1=n2=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] 
Fig. 3. Cross section of the transformer with primary and secondary 

coils buried in magnetic cores 

Table 1. Transformer parameters [10]  

N Winding turn 15 

w Copper ribbon width 125 µm 

D Distance between turns 60 µm 

D1 Distance between the central pad and the first turn 400 µm 

A Distance between the outside turn and the ground plane 1600 µm 

V Distance between ground plane 800 µm 

Px=Py Length and width of the outside pad 500 µm 

Pcx=Pcy Length and width of the central pad 300 µm 

Py1 Width of the ground plane 200 µm 

LT Device length LT=2* (A+D1+N*W+ (N-1) *D) 9430 µm 

eco Conductor thickness 30 µm 

Einsul Dielectric thickness 30 – 95 µm 

EYIG1= EYIG2 Magnetic material thickness 300 – 1000 µm 

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. 

 

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 (fCL) is equal to 20kHz while the high cut-off frequency (fCH) reaches 7MHz. The gain G0 of 
the transformer, without any load, is equal to 0.86. One can also observe a resonance around 15MHz. 

 

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 (fCL and fCH) and the Gain G0. 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 fCL, fCH and G0 

• Study the influence of each equivalent circuit parameter by using a simulation tool, 

• Simplify the equivalent circuit for each frequency domain, 

• Determine an analytical expression of fCL, fCH and G0, 

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

3.1 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 (RF), the coupling between turns and ground plane (C1 and C2), the proximity and skin effects in the conductors (r1 and r2), and 
the coupling between primary and secondary inductors (C12). 
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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 l1, l2 and LF are constant over the broad band frequency. One the other, we consider that capacitances C1, C2 and C12 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 

r1 and r2 Z11, Y11 and Y12 Amplitude of the resonance 

LF0 Z12 Slope of 20dB/dec 

l10 Y11 and Y12 Slope of 20dB/dec 

L20 Y12 Slope of 20dB/dec 

C12 Y12 At the resonance 

C1 Y11 At the resonance 

C2 Y22 At the resonance 

 

Fig. 7. Y12 parameter versus frequency 

An example of the extraction of l10, l20 and C12 is given in figure 7 where the extraction of l10 and l20 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 FCL 

In this paragraph, the influence of two equivalent circuit elements (r1 and LF), of a geometrical dimension (Einsu) and of a material 
characteristic (µr) 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 RF is 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. 

 

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 l1, the 
magnetizing inductance LF and the primary winding resistance r1. The low cut-off frequency is expressed as follows: 

𝒇𝑪𝑳 =
𝟏

𝟐𝝅 ∗ 𝝉𝟐

=
𝟏

𝟐 × 𝝅 ×  (
𝑳𝑭 + 𝒍𝟏

𝒓𝟏
) 

 (𝟏) 

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 l, width w and thickness eco 
[15]. 

𝑹 = 𝝆
𝑳

𝒍 ∗ 𝒆
 (𝟐) 

Fig. 9 shows the evolution of the frequency response for different values of the resistance which ranges from 1.5 to 6 Ω, the nominal 
value for the fabricated transformers is around 2 Ω. These simulations are performed with the equivalent circuit shown Fig. 6. 

 

 

 

l1r1(f)
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Fig. 9. Influence of the resistance r1 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 LF on the low cut-off frequency FCL 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 µH to 30 µH (the typical value 
for the fabricated transformer is around 15 µH). 

 

Fig. 10. Influence of LF on the cut-off frequency (FCL) 

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

4.2 STUDY OF LOW 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 LOW 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 µm. Fig. 11 shows the effect of this air-gap on the low 
cut-off frequency. By increasing the SU8 thickness between 15 and 50 µm, one can observe that the cut-off frequency increases due to 
the decrease of the magnetizing inductance. 

 

Fig. 11. Influence of the insulator thickness on the low cut-off frequency 

4.2.2 INFLUENCE OF THE RELATIVE PERMEABILITY µR 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 FCL versus the relative 
permeability µr. One can see that as the permeability rises, the cut-off frequency decreases. Indeed, if the permeability µr increases the 
magnetizing inductance LF increases as well. In these conditions, the cut-off frequency FCL decreases as given by equation (1). 

 

Fig. 12. Influence of the permeability µr on FCL 

As a conclusion, one can say that the low cut-off frequency FCL only depends on three parameters of the equivalent circuit: the 
resistance of the primary winding r1, the magnetizing inductance LF and the leakage inductance l1 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 FCH. 

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

5.1 STUDY OF HIGH CUT-OFF FREQUENCY FCH 

At high frequency, the resistances r1 and r2 are neglected in comparison with the impedance l1w et l2w. The capacitor C1, 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 FCH. 
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: 

𝑳𝑨𝑩 =
𝒍𝟏 × 𝒍𝟐 + 𝒍𝟐 × 𝑳𝑭 + 𝑳𝑭 × 𝒍𝟏

𝑳𝑭

 (𝟑) 

𝑳𝑩𝑪 =
𝒍𝟏 × 𝒍𝟐 + 𝒍𝟐 × 𝑳𝑭 + 𝑳𝑭 × 𝒍𝟏

𝒍𝟏

 (𝟒) 

𝑳𝑨𝑪 =
𝒍𝟏 × 𝒍𝟐 + 𝒍𝟐 × 𝑳𝑭 + 𝑳𝑭 × 𝒍𝟏

𝒍𝟐

 (𝟓) 

 

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 
FCH=Freso. In these conditions, an expression of high cut-off frequency is: 

𝑭𝑪𝑯  ≈  𝑭𝒓𝒆𝒔𝒐 =
𝟏

𝟐 × 𝝅 × √ (
𝑳𝑨𝑩 × 𝑳𝑩𝑪

𝑳𝑨𝑩 + 𝑳𝑩𝑪
)  × (𝑪𝟏𝟐 + 𝑪𝟐) 

 (𝟔) 

The resonance is due to the inductances LAB in parallel with LBC and the capacitances C12 in parallel with C2. 

 

Fig. 14. Resonance and high cutoff frequencies 
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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 C12 ranging from 6 to 9 pF, there 
is not significant difference between these two frequencies. 

 

Fig. 15. Influence of C12 

5.2 STUDY OF HIGH CUT-OFF FREQUENCY VERSUS SU8 THICKNESS 

In order to confirm this result, different simulations are performed using HFSS software. The capacitance C12 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. 

𝑪 = 𝜺𝟎𝜺𝒓

𝑺

𝒅
 (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 FCH versus Einsu which ranges from 15µm to 45µm. The capacitance decreases when the insulator thickness Einsu increases. For low 
thickness, the total capacitance C12+C2 decreases and the cut-off frequency increases as expected. But, for high thickness, the capacitance 
C12 becomes low and the total capacitance C12+C2 remains quite constant, the cut-off frequency does significantly not change. 

 

Fig. 16. High cut-off frequency FCH versus insulator thickness Einsu 
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In conclusion, the interwinding capacitance C12, which is greater than C2 limits the bandwidth of the transformer. Moreover, for 
switch drivers, C12 must to be decreased as low as possible (few pF) [17]. 

6 THE GAIN G0 

The Gain G0 is the ratio between the secondary voltage Vs over the primary one for no load. This Gain is defined within the bandwidth. 

𝐺0 =  
𝑉𝑆

𝑉𝑒  (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. 

 

Fig. 17. Equivalent circuit within the bandwidth 

Classically for these frequencies within the bandwidth, the resistance r1 in much smaller than the impedance l1w (r1<<jl1w) and the 
resistance RF is greater than LFω (RF>>jLFω) [14]. Thus, using voltage divider rule, the gain G0 is expressed as follows: 

𝑮𝟎 =
𝑳𝑭

𝑳𝑭 + 𝒍𝟏

=
𝟏

𝟏 +
𝒍𝟏

𝑳𝑭

 (𝟖) 

Thus, the gain G0 only depends on the ratio between the magnetizing inductance LF and the leakage inductance l1 [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). 

 

Fig. 18. Gain G0 versus the ratio l1/LF 

One can observe that the results given by the two approaches are identical. For a low ratio of l1/LF i.e. with few leakage flux, the Gain 
G0 tends towards the maximum value equals to 1 (n1=n2). 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 

• the magnetic material permeability µr. 

Fig. 19 illustrates the influence of the insulator thickness on the Gain G0 for reasonable thicknesses that ranges between 15 and 45µm. 
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. 

 

Fig. 19. Gain G0 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/LF increases and therefore the gain as well. 

 

Fig. 20. Gain G0 versus magnetic permeability µr 

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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