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Abstract

The work presented in this paper concerns the modeling of an integrated transformer in monolithic technology for high
frequencies containing coils of planar type and magnetic circuit made of several layers of materials. Circular, square, and
polygonal shapes of the planar coils are the important difference regarding transformer topologies. In this work, we have
chosen the stacked octagonal form of coils. The transformer will be integrated into a converter of type flyback. We have
opted for the Wheeler method and the S-parameters for determining the geometrical and the electrical parameters. The
electrical m model presented summarizes perfectly the various parasitic effects generated by stacked layers of different
materials constituting the transformer. The electromagnetic simulation, by using COMSOL Multiphysics 4.3 software,
illustrates the current density and the distribution of magnetic field lines. We have also used software PSIM 6.0, to validate
the equivalent electrical circuit of the transformer in flyback converter.
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1 Introduction

Power electronics has never stopped to advance, since
its appearance. Now, this discipline exists in the major-
ity of electrical systems, ensuring control of energy sup-
ply and the integrity of the components. Passive com-
ponents occupy 80% of electrical circuits’ surface as the
low power converter. At present, the integration of active
components has now become a classical thing; however,
only the integration of passive components remains the
obstacle of miniaturization [1, 2]. At the heart of isolated
converters, there is an essential element, the transformer.
To overcome the problem of integration and reducing
the size of the transformer, the planar components were
introduced [3-5]. The transformer is an inductive compo-
nent formed by a thin magnetic circuit, usually made of
ferrite, on which conductive coils are deposited. In these

years, planar transformers are widely used in monolithic
integrated circuits and are implemented in many systems
for several applications [6, 7].

2 Presentation of the microtransformer

A transformer is an inductive component, it is considered
as a device whose operation is based on mutual coupling
between at least two inductors. Figure 1 shows a sche-
matic diagram of an ideal transformer of two coils.

In low frequencies, the behavior of the inductor is mod-
eled by a pure inductance L in series with a resistance Rs,
which characterizes the different losses (Fig. 2a). In high
frequencies, the inductance L in series with resistance Rs
are in parallel with capacitance Cs which characterizes the
capacitive coupling between turns (Fig. 2b).
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Fig.2 Simplified model of inductor: a low frequency and b high
frequency

The behavior of an integrated planar inductor on
silicon was proposed in simple “n” model by Nguyen
and Meyer and then was developed by Ashby and al
(Fig. 3a). After, Yue and Yong presented a similar model
with more appropriate parameters (Fig. 3b) [8, 9]. Later,
Yamaguchi and al proposed the first equivalent circuit
composed of magnetic material placed above or below
the inductance (Fig. 3c), but the model became very
complicated [10]; afterward, this work was simplified
to show the different layers superimposed one on the
other (Fig. 3d) [11].

As a transformer is a coupling between two induc-
tors, the integrated planar transformer composed of two
integrated planar inductors was proposed by [12] (Fig. 4)
which the coils are spiral with square form.

3 Presentation of octagonal planar
transformer

The coil’s shape is an important distinction regarding
inductor and transformer topologies. Circular, square, and
polygonal spirals have already mentioned to constitute
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Fig.3 a Simple m model, b cross section of planar inductor, c ferro-
magnetic inductor, d cross section of planar inductor on ferrite

their coils. In this study, we demonstrate another trans-
former model whose coils are of octagonal planar shape
(Fig. 5).

3.1 Inductance value’s calculation

The calculation’s method developed by Wheeler [13]
allows the inductance’s evaluation of hexagonal, octago-
nal or square form of coils, realized in a discrete way. This
method is easy to implement, it has a low error compared
with other methods, and it remains valid for reduced



SN Applied Sciences (2020) 2:656 | https://doi.org/10.1007/s42452-020-2376-1

Research Article

Si
ii'br —I_ Nidn
—— 5i02
T Rewse
f -
Couf
Cu
5i02
L 5
= — — Cui
F3 DT L o
-
L. - S0l
' Nidn
l;;ﬁ !£= Coxk ‘
#‘““‘m Si
R‘&abs ‘ 'I'C-“i
L@
primary winding
Ckp
Csubp | Csubp
fnagp  Coxp Rp Ip Coxp Rumagp
Dy MWL
s Bt
Rsubp Raubp
CkT T
Rsubs Rsubs
8- 5
L TPt L
C Lz I R
Csubs Ruags =08 ke i e T Csubs
I
Cks
secondary winding
(b)

Fig.4 a 3D cross section of an integrated planar transformer with
square form of coils [12] and b equivalent electrical circuit

number of turns. The inductance L given by Wheeler
method is represented by (expression 1):

2
n< - da\,g

L=k -y —2
1T G A,

i

Fig.5 Octagonal topology of coils

Table 1 Values of coefficients

Form k k
k; and k, used in Wheeler ! 2
method Square 2.34 2.75
Hexagonal 233 3.82
Octagonal 2.25 3.55
d,.g is the average diameter, A, is the form factor, n is the

number of turns, and i, is the vacuum permeability.

dout + d;
davg = %/ (2)
d,.—d
A = out in .
" dout + din (3)

The coefficients k, and k, depend on the different topol-
ogies of coils (Table 1).

Conferring to the form factor A,,,, we can obtain the hol-
low or full inductors. Thus, a hollow inductor has a higher
inductance than a full one because the turns located near
the center of the spiral contribute to decrease the mutual
positive inductances and increase the mutual negative
inductances [13].

3.2 Feed lines position

As stacked topology is chosen in Fig. 5, the relative posi-
tion between primary and secondary coils is considered in
terms of the location of their feed lines. The proposition is
to have the secondary completely rotated by 180-degree
of the primary (Fig. 6). This configuration tends to weaken
the coupling between coils because the feed lines are
uncovered. The choice between these structures shows
which one has better performance.
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Fig. 6 Flipped transformer topologies

The inductance measurement results for transform-
ers with flipped and non-flipped topologies are shown in
Fig. 7. When the flipped topology is adopted, the curves
illustrate a significant reduction in the resonant frequency.
Self-inductances remain unchanged and magnetic cou-
pling is weakened in low frequency. For frequencies
greater than 100 MHz, flipped transformer demonstrates
a lower minimum insertion loss, whereas, the non-flipped
transformer presents a proper performance for a wider
band.

3.3 Geometrical parameters’ calculation

The octagonal planar coils are geometrically described
by the outer and inner diameters, the number of turns,

IR R
: — Flipped

°* — Non-flipped

Inductances (nH)

10 10° 10
Frequency (MHz)

Fig.7 Flipped and non-flipped inductances
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the width, the thickness, the spacing between turns, and
the total length for each coil. We have opted for an outer
diameter of 3000 um and an inner diameter of 2000 um;
the angles are limited to multiples of 45°.

e Thickness of coil

The calculation of thickness depends on skin thickness &
(expression 4) which determines the zone where the current
concentrates in a conductor (Fig. 8) [14].

Pcu

=4 —m—,
T ey - f

(4)

P, and u., are, respectively, resistivity and perme-
ability of copper, f is the operating frequency in high
frequencies.

To avoid the problem of the skin effect and make the cur-
rent flowing in the entire conductor, it is necessary to fulfill
the following condition:

t<2-6. (5)

The current density j(x) for x ranging from 0 to t/2 and
its average value j,,, with J,=10° A/m*[15], are given by
expressions 6 and 7:

J) =Jg - e_i<§> . e_(g) (6)

, , 7)
./avg =Jo- f

The electric current i (expression 8) which passes
through the conductor is a function of the current
density and the conductor’s section. This is a function
of the width w and the thickness t of the planar coil
(expression 9).

i= Sc 'javg' (8)

W

Fig. 8 Volume delimited by the skin effect 6 in a conductor
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Sc=w-t (9)

e Spacing between turns

_dout_din_(z'w'n)
T - 10

e Total length
k=(4-n-(dy—(n=1)-s=(n-w))) —s (11)
e Width

W= [dout_din_z's'(n_1)] (12)
2-n

4 Modeling of integrated planar octagonal
transformer

In this work, the planar transformer is composed of two
octagonal coils in copper, superimposed on a ferromag-
netic layer of ferrite (NiZn), and isolated from there by a
dioxide layer of silicon dioxide (SiO,); all these layers of the
different materials are superimposed on a layer of silicon
(Si), which serves as a substrate. This transformer operates
at a high frequency of the order of 100 MHz (Fig. 9).

The magnetic core volume is calculated by
(expression 13):

W
T (13)

VvV max

V =

W represents the total magnetic stored energy in the
transformer’s coils (expression 14)

w=—=-L-i% (14)

1
2
W, max represents maximum volume density of energy
(expression 15)
BZ

W = max (15)

YR 2 g+ Heizn
Brax=0.3T is the maximal saturation induction, and
HUizn= 1400 is the relative permeability of NiZn ferrite.

Therefore, after calculation, the NiZn magnetic core’s
volume equals 0.080 mm?3, which is necessary to store
3.125 nJ of energy.

The core thickness is represented by the following
expression.

magnetic layer

dielectric
layers

Windings

magnetic layer

Silicone
substrate

Fig.9 3D cross section of the integrated planar octagonal trans-
former

4
€Nizn = 2 (16)

out

4.1 Technological parameters’ calculation

The equivalent electrical circuit (Fig. 10) extracted from
(Fig. 9) demonstrates the electrical behavior of the inte-
grated octagonal planar transformer.

The equivalent circuit contains different electrical
parameters, which are the inductances L and serial resist-
ance R, of the coils, oxide capacitance C,, of the dielec-
tric layer, magnetic resistance R,,,4 of the ferrite layer,
resistances R, capacitance C,,, associated with the
silicon substrate, and coupling capacitance Cy between
the two coils.

The analytical expressions of different elements con-
stituting the electrical model (Fig. 10) of the octagonal
transformer are represented by the following expressions:

Iy

Rs=pcu'w.tﬁ,' (17)
e

Pcy=1.7x 1078 Q mt 4 is given by the expression below
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Table 2 Results of calculated parameters

Dimensioning parameters Values
Outer diameter d, 3000 um
Inner diameter dj,, 2000 um
Thickness of magnetic core ey;z, 9um
Thickness of coil t 13,13 um
Conductor’s skin thickness & 6,56 um
Width of coil w 500 um
Total length of coil I, 10 mm
Primary inductance 4,13nH
Secondary inductance 2,9nH
Serial resistance R, 0.06 Q
Magnetic resistance Ry,,q 3.6 KQ
Substrate resistance R, 242KQ
Substrate capacitance C, 2.5 pF
Oxide capacitance C,, 3.66 pF
Coupling capacitance C;, 0.54 pF

4.2 Geometrical and electrical dimensioning results

The calculated geometric and electrical parameters of the
octagonal planar transformer are shown in (Table 2).

We notice that all the calculated values of different
parameters are according with technical integration.

4.3 S-parameters concept

From the electrical model (Fig. 10), we can easily calculate
the scattering parameters of the octagonal planar trans-
former [16]:First, we calculate the ABCD matrices for each
block.

[A B 1 2
_ 1
= | _ 1] (25)
cof, | e gt T —
[A B ] [ 1 Rs
co|l “lo1] o
1p
L L
asl _ | i i (5-m) 27)
co| =7 L '
dy jow-M M
AB [1 R,
A8 _[1R] (28)
)
_ .I 0
P RS R
e | o et Tamencon
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[A B] _ l1 j.aj.ck] 30)
CDf, 0 1

From this,
M=k-L. (31

Second, we can associate the blocks a, 8, y, 6, € @ in
cascade:

AB|l |AB A B A B A B A B A B
CDI_CD'CD'CD'CD'CD'CD'
a B /4 3 € 4
(32)
Third, we can associate the large intermediate block /

with block ¢ in parallel to obtain he final ABCD matrix of
the entire transformer F:

A B _ 1
cD F_B,+B¢
[ A -B,+A, B 8,-8B,
(C|+C¢)~(B¢+B|)+(D|—D¢)-(A¢—A|) Dw'BI+DI'Bq) '
(33)

Finally, we convert the A, B, C, D parameters to S-param-
eters as follows:

8
AF+Z_Z_CF'ZO_DF 2-(Ap-De—(Be-C¢))

12 = E
Ap+ £ +Ce-Zo+D5

S —_—
1 B
A+ Z—; +C¢-Zy+Ds

5 —AF+Z—(F)—CF~ZO+DF

5
At Z—; +C¢-Zy+Dy

S =
22 AF+§—(F)+CF-ZO+DF

Z, is the characteristic impedance of the line. Due to reci-
procity, Ag - D — B - C¢ = T; therefore, S;,=5,;.

From the S-parameters, we can obtain the Z-parameters
such that:

14511)-(1-522)+5,1-51
2, =z, - Lo ()t
7207 (1=817)-(1=522) 551512
2:5,,
(1_511)‘(1_522)_521‘512

2:5;,
(1 _511)'(‘I _522)_521 S12
(1 _511)'(1+522)+521 -S12
(1=51)-(1-522)=521"512

(35)

From the Z-parameters, we can obtain the primary and

secondary inductances (L, and L,) and series resistances (R,
and R.,) (expressions 36 and 37).

Zy, =24

Zy =2y Ly =2y

Im(Z Im(Z

L, = m(Zn) L= M), (36)
w w

Rsp = Re(ZH) Rss = Re(ZZZ)' (37)

Figure 11 shows the characteristics of inductance behav-
ior. We observe that there are three distinct zones. The

Inductances (nH)

i i i

Frequency (Hz)

Fig. 11 Primary and secondary inductances versus frequency

inductive behavior until 100 MHz, then the transition zone in
which the value of the inductances becomes negative with
a zero crossing corresponding to the resonant frequency
of the inductance and the capacitive behavior beyond the
operating frequency.

Figure 12 demonstrates the influence of the frequency
on series resistances of primary and secondary transformer
coils. We notice that the inductances become purely resistive
at 100 MHz operating frequency.

The quality factor expresses losses in the transformer coils
(expression 38).

stocked energy
=2 .
Q=27 dissipate denergy (38)

It is also proportional to the difference between the
maximum magnetic energy and the energy supply [17]
(expression 39).

o=21L. o

R Rp+[<“’R—'L>2+1] R,

s

. l1_R§-(cs+cp)
L

-’ L- (cs+cp)].
(39)

In expression 39, the first term corresponds to the
simplified quality factor, the second term expresses
the losses substrate, and the third represents the self-
resonance factor, L is the inductance, Rs is the serial
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resistance, C; is the serial capacitance, w is the pulsation.
R, and C, are the coupling resistance and capacitance;
they are related to the substrate resistance and capaci-
tance Rg; and C;; and the oxide capacitance C,, (expres-
sions 40 and 41):

2
R.-(C.+C
Ry= ———— + — (°*2 ”), (40)
w -Cox-Rsi CoX

T+aw? (Cou+Cy) - G -R?
14+ w? - (C(,X+Csi)2-R52i '

Co=Cox - 41

p

From the Z-parameters, we can obtain the primary and
secondary quality factors (Qp, Q,) (expressions 42).

Im(Z,,)
*Re(Z,,)’

Im(ZH)
*~ Re(Zy,)

(42)

Figure 13 shows the evolution of the quality factor as
a function of frequency for the primary and secondary
coils. We notice that the first part of the curve corresponds
to the zone where the coils have an inductive behavior.
Then, the quality factor increases with the frequency until
reaching a maximum value, which corresponds to the
losses. Beyond the operating frequency, the quality fac-
tor decreases to zero at an operating point corresponding
to the resonant frequency.
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Fig. 13 Quality factor of the primary and secondary coils versus fre-
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5 Electromagnetic behavior of transformer

Using COMSOL Multiphysics 4.3 software, which is based
on finite elements method, we present 3D simulation of
electromagnetic effects on the transformers at high fre-
quency (100 MHz).

5.1 Mathematical model

The electromagnetic phenomenon is obtained by solving
the Maxwell equations [12]. These allow us to visualize the
distribution of the electric potential on the planar trans-
former coils and the density of electric current and as well
as the magnetic field lines. The expressions are as follows:,

V.-H=], (43)
V.A=B (44)
E=-VW-—j w-A (45)
J=0 E+j-w 5, (46)
v.-Jj=0, (45)
B= HoHy H, (46)
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-

D=¢,-¢,-E, (47)

H: magnetic field (A/m); B: magnetic flux density (T); J:
electric current density (A/m?); E: electric field (V/m); A:
magnetic vector potential (Wb/m); D: electric displace-
ment field standard (c/m?).

The boundary conditions on the study area bounda-
ries are demonstrate by the following expressions:

n-A=0, (48)
ne-Ac+n,-A +n,-A, =0, (49)
A-J=o0, (50)

the normal vector at the boundary (expression 51).

ﬁ:nx-7+ny-7+nz-ﬁ. (51)
Hence
ne-Je+n,-J,+n,-J,=0. (52)

To have a good precision, we proceed to an extremely
fine mesh. Figure 14 illustrates the 3D fine mesh of the
octagonal integrated transformer for only the two coils
and for the global structure with the different layers.

Figure 15 illustrates the electric current density on the
planar octagonal coils at 100 MHz, in which we notice
that the current is mostly concentrated on the edges of
the conductors for high frequency; this effect is due to
the skin effect in the rectangular area of conductor.

Figure 16 illustrates the electric potential distribution on
planar coils of the octagonal transformer. The color of the flow
current represents the magnitude of the electric potential. We
notice that this last is maximum at the entry of current and
decreases along the coil due to the conductor’s resistance.

Figure 17 illustrates the distribution of magnetic field lines
in the octagonal planar transformer composed of copper
coils deposited on ferrite NiZn magnetic layer and isolated
by a dielectric layer, all these layers are deposited on a silicon
substrate. We notice that the magnetic field lines are concen-
trated in the transformer and that is due to the ferrite layer.

6 Simulation of the operating converter

Using PSIM software 6.0, we perform in this section three
simulations on flyback converter in order to test the
operation of our integrated transformer. We have cho-
sen a flyback converter because it is composed of one
transformer and few passive components. The principle
of operation of the flyback is based on the energy trans-
fer from primary to secondary through a transformer.

(b)

Fig. 14 3D mesh transformer: a octagonal coils geometry and b
global structure with different layers

To execute the simulations, we need to calculate the
following parameters:

e Load resistance

The load resistance R of the flyback converter is given
by:

v
R= IL”t =50. (53)
out
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A 01357
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Fig. 15 Current density distribution in the octagonal planar coils at
100 MHz

A 0.0605

0.06

vo

Fig. 16 Electrical potential distribution in planar octagonal coils

Input voltage: V=12V, output voltage: V=5 V.
e (Capacitance

The capacitance of flyback converter is given by the fol-
lowing expression for an undulation voltage a of 0.25 V.

az'm'vin
('I—a)~AV0ut-R-f

C= = 20 nF. (54)

6.1 Simulation of the operating converter
with the integrated transformer

In this simulation, the circuit of Fig. 18 contains an ideal
transformer.
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The figure below shows the converter’s output voltage
and current waveform.

In Fig. 19, we notice two modes of the converter: the
transient and steady state. The output voltage is 4.9 V
instead of 5 V. This is due to voltage drops across the diode
and transistor. In the steady state, the current is 0.98 A,
which corresponds to an output power of 4.8 W instead
of 5W.

The following figures show the waveform of the voltage
and current across both transistor and diode of the flyback
converter (Fig. 20).

6.2 Simulation of the operating converter
with the real transformer

In this simulation, the circuit of Fig. 21 contains a real
transformer.

e Magnetizing inductance

The magnetizing inductance is defined by:

2
2 HNizn - dou

L. =n ' = 0.9 mH. (55)
2 - enizn

m P

The figure below shows the converter’s output voltage
and current waveform.

In Fig. 22, we notice also two modes of the converter:
the transient and steady state. The output voltage is 4.25V
instead of 5 V. This is due to voltage drops across the diode
and transistor, the resistive losses in the conductor, and
then the magnetic core losses. In the steady state, the cur-
rent is 0.85 A, which corresponds to an output power of
3.6 Winstead of 5 W.The following figures show the wave-
form of the voltage and current across both transistor and
diode of the flyback converter (Fig. 23).

6.3 Simulation of the operating converter
with the integrated transformer

In this simulation, the circuit of Fig. 24 contains an inte-
grated octagonal planar transformer.

The figure below shows the converter’s output voltage
and current waveform.

In Fig. 25, we notice again two modes of the converter:
the transient and steady state. The output voltage is 4.24V
instead of 5 V. This is due to voltage drops across the diode
and transistor, the resistive losses in the conductors, and
then the magnetic core and the capacitive losses. In the
steady state, the current is 0.84 A, which corresponds to
an output power of 3.6 W instead of 5 W.
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A28831x1
x10®

S 2

Fig. 17 Distribution of magnetic field lines in the transformer: a 3D »
cross section, b above view, c lateral view, and d in front of view

The following figures show the waveform of the voltage
and current across both transistor and diode of the flyback
converter (Figs. 26, 27).

After the simulation of the integrated transformer, we
notice that the transformer delivers the same power as a
real transformer because they give the same results.

y,\L'x
6.4 Flyback converter efficiency '
The converter efficiency (expression 56) represents its i
performance. »
Pout - Pj - Pf o
n=——— (56)
POUt
where
Pout = Vout : Iout' (57)
P; = Req 'Igut' (58) L. 0
V2 A28431x10°

P — n , X10%

=3 (59)

seq

P;: Joules losses in copper’s conductor; Pg: Ferromagnetic
losses.
The efficiency found is around 82%, so near to the per-
formance of an operating flyback converter which is 85%.
We conclude that this reduction corresponds to the
joules losses generated by conducting coils and the iron
losses in the ferromagnetic core of ferrite.

7 Conclusion ©

The aim of this work is the geometrical dimensioning
of the transformer and its electromagnetic modeling to
integrate it into a converter. This transformer is destined
for the mobile and embedded electronic field requiring
an energy conversion of low power and a very high fre-
quency range. The integrated transformer is composed
also of a stack of several layers of different materials, LI
which are two copper coils, magnetic layers of ferrite

material, insulating layers of dielectric material, and a

substrate of semiconductor material. The geometry of :
the planar coils constituting the transformer is octagonal ]
with 45° of angles to avoid the concentrated current in (d) "
the corners. To determine the geometrical parameters,

we have opted for the Wheeler method, which presents

SN Applied Sciences

A SPRINGERNATURE journal



Research Article

SN Applied Sciences (2020) 2:656 | https://doi.org/10.1007/s42452-020-2376-1

(g ()
° T
ST T

Fig. 18 Flyback with an ideal transformer

lout  Vout

-1.00 i i
0.00 2.00 4.00 6.00 8.00 10.1

Time (ms)

Fig. 19 Output voltage and current of flyback with an ideal trans-
former

a low error compared with other methods. After, we have
used the geometrical parameters to extract the electri-
cal parameters, which present the parasitic effects in the
different layers of transformer at the high frequency. In
addition, we have used a finite elements simulator to
visualize the distribution of magnetic field lines, electri-
cal potential, and current density in the planar octago-
nal transformer. Besides, we have used another software
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Fig.20 Voltage and current of both transistor and diode of the fly-
back with an ideal transformer
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Fig. 21 Flyback with the real transformer

simulator to validate our results; thus, we have compared
the output voltage and current of the flyback in three
cases of transformer. The waveforms of the converter’s
currents and voltages containing the integrated trans-
former were in accordance with those of the literature
and the measured values were very close to its ideal
case.
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Fig.22 Output voltage and current of flyback with the real trans-

former
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Fig. 23 Voltage and current of both transistor and diode of the fly-
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Fig. 24 Flyback with the integrated transformer

Vout lout
00

4.00

3.00

2.00

0.00 2.00 4.00 6.00 8.00 10.00
Time (ms)

Fig. 25 Output voltage and current of flyback with the integrated
transformer
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Fig.26 Voltage and current of both transistor and diode of the fly-
back with the integrated transformer

Efficiency of Fly-back converter
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Fig. 27 Evolution of the flyback converter efficiency versus fre-
quency
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