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Analysis and Design of High-Frequency Converter
With Resistive Matching Network and Spiral Inductor

Yueshi Guan

Abstract—In this paper, two resistive matching networks
are proposed, which can maintain the resistive transferring
property under different load conditions. The high-frequency
converter based on the resistive network can adequately achieve
the soft-switching characteristics within a large load variation
range, which helps to reduce switching losses and improve
system efficiency. At the same time, a detailed design method
for planar spiral inductor is described. In addition, the quality
factor characteristics of different winding structures are analyzed.
A 20-MHz high-frequency dc/dc converter based on the T-type
matching network and circular spiral inductor is designed in
this paper. The experimental results verify the advantages of the
proposed resistive matching network and spiral inductor.

Index Terms—DC/DC converter, high frequency, resistive
matching network, spiral Inductor.

1. INTRODUCTION

NCREASING demand of high power density has been put

forward in power electronics systems. The most effective
way to achieve a high-power-density power converter is to
increase the switching frequency [1]-[6]. At high operating
frequencies, the energy stored in capacitors and inductors
during each operating period can be significantly reduced,
which helps to decrease their values and volumes. Usually
these passive components take most of the system volume and
weight. Meanwhile, high operating frequency can help systems
achieve fast dynamic response. Thus, high-frequency power
electronic technology has become a research subject of interest.
Many high-frequency converters have been adopted in LED
drivers, computer adaptors, cubesat plasma thruster, and other
weight or volume critical application fields [7]-[9].

However, despite these merits, many problems need to be
addressed as the switching frequency increasing above tens
of megahertz. One critical challenge is high switching losses,
which form a proportional relationship with the switching fre-
quency. The most common method for reducing the switching
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losses is to adopt a resonant converter with good soft-switching
characteristics, such as the quasi-resonant converter (QRC) and
multiresonant converter (MRC) [10]-[12]. Among these res-
onant converters, the half-bridge structure is not suitable for
operating in tens of megahertz frequency condition because the
small dead time of the driving signal is highly difficult to control
and the driving circuit is more complex than that of a single-
switch converter topology with the switch connected to ground.

Many single-switch high-frequency topologies have been
proposed and researched, including the resonant SEPIC con-
verter, and Class @, converter [13]-[17]. In general, these
single-switch high-frequency converters consist of three stages:
the inverter stage, the impedance transformation stage, and the
rectifier stage [18]-[20]. Among these topologies, the para-
sitic capacitance and inductance are absorbed into the circuit to
achieve resonant soft-switching transitions in inverter and recti-
fier stage. Usually, an impedance transformation stage is added
between the inverter stage and the rectifier stage to achieve
the desired output power by adjusting the equivalent resistance
of rectifier stage. The impedance transformation stage can be
realized by an isolation transformer or nonisolation matching
network composed of inductors and capacitors. The matching
network can transform the impedance only within a nar-
row band, and the transformer can effectively transform the
impedance within a broad band by converting the voltage and
current. However, for a transformer, the leakage inductance and
parasitic capacitance in high-frequency condition are difficult
to control. In addition, these parameters affect the operating
modes of high-frequency converters. For matching networks,
the L-type matching network is the most commonly adopted
one, which can be built only by one capacitor and one induc-
tor [21]-[23]. However, in L-type matching network, the soft-
switching characteristics of switch lose with the variation of
load. Thus, the switching losses increase and system efficiency
decreases. So it is necessary to design a matching network that
can help the switch operate in a good soft-switching condition
within a wide load variation range.

In high-frequency condition, another highly important issue is
magnetic components. When the switching frequency is in tens
of megahertz, magnetic cores are not necessary for inductors and
transformers with small values. Under nonisolation conditions,
air core inductor can be adopted in high-frequency converters
which eliminate core losses. There are various structures for air
core inductors, such as spiral, solenoid, and toroid. Commercial
air core inductors with inductance values between 1 nH to tens
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Fig. 1. Block diagram of typical high-frequency single-switch converters.

of microhenry are available in high-frequency condition, such
as the Spring series from Coilcraft, some typical values can be
obtained, and the structure of these inductors is the solenoid
[24]. Another air core inductor structure is the spiral, with only
PCB traces and FR4 material, which has been adopted in some
high-frequency converters [25]-[27]. On the basis of the copper
tracks on a PCB, the inductances can be flexibly adjusted during
the design process. Some effective equations and tools can help
to design planar spiral inductors [28]-[31]. For example, the ex-
pressions for planar spiral inductances with four typical winding
structures are described in [31]. Meanwhile, although there are
no core losses, in high-frequency condition, the copper losses
caused by resistance significantly increase. Thus, it is necessary
to analyze the quality factor characteristics of different winding
structures.

In this paper, a 20-MHz high-frequency dc/dc converter based
on a T-type matching network and a spiral inductor is presented.
In Section II, the analysis of the phase characteristics for three
different matching networks is described, and the resistive trans-
ferring characteristics of the T-type and w-type matching net-
work is described. In Section III, an analysis of the effects of
impedance amplitude and the rectifier phase is discussed. In
Section IV, the derivation procedure of spiral inductor with cir-
cular and square windings is introduced. In addition, the quality
factor characteristics of different winding structures are com-
pared. In Section V, a 10-W prototype is built, where the input
voltage is 8 V and the output voltage is 5 V. The control method
and experimental results are described in detail. The conclusion
is provided in Section VI.

II. ANALYSIS OF MATCHING NETWORKS

Fig. 1 shows a typical block diagram of high-frequency con-
verters based on single-switch structure, which consists of three
stages: the inverter stage, the impedance transformation stage,
and the rectifier stage. The inverter stage converts the dc voltage
to high-frequency ac voltage. The switch in the inverter stage
is expected and designed to operate in the ZVS condition on
the basis of the resonance of the inductor and the capacitor.
The rectifier stage regulates the ac voltage to dc voltage based
on diode operating in the resonant situation. To reduce reac-
tive power losses, the rectifier stage is usually designed to be
resistive. Typically, in-phase fundamental rectifier voltage and
current correspond to the best converter operating efficiency.
This is not surprising as it minimizes the circulating currents
for a given level of output power. Meanwhile, to achieve the
desired the output power, an impedance transformation stage is
usually added between the inverter and rectifier stages, which
can adjust the drain-source impedance by transferring the equiv-
alent resistance of rectifier stage. The matching network is usu-
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Fig. 3. Impedance diagram when the switch turns off.

ally composed of capacitors and inductors. In the following
discussion, a detailed analysis of different matching networks
is presented.

A. L-type Matching Network

Fig. 2 shows the circuit of the high-frequency resonant SEPIC
converter where rectifier stage is represented by the equivalent
resistor Zg. To achieve desired output power P,, the output
impedance of the inverter stage can be calculated to be Z; =
v s/ Po. The L-type high-pass matching network, composed of
C; and L, as shown in the yellow region, is adopted here to
transfer the equivalent resistance Z to a desired value Z,. So
at a certain operating frequency w, the parameters C; and L;

can be calculated as
Ly =% [ 2
w Zr—Z| . (1)

_ 1
G = oNZL(Zr—2Z1)

From (1), it can be seen that the matching network in Fig. 2 is
a high-pass low-to-high L-type matching network; here, Z; has
to be smaller than Zg. When the switch turns off, the impedance
Zps between the switch source and drain can be represented, as
shown in Fig. 3, and the impedance Zpg determines the switch
drain-source voltage waveforms. The resonant frequency of the
inverter stage can be calculated as

1

fr= e

@)

However, with a change in equivalent resistance Zz under
different output power conditions, the transferred impedance
Z; can not remain resistive in the L-type matching network.
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Angle curve of impedance Z;, with change of Zg in L-type matching

The impedance angle of Z; can be calculated as

0z, = arctan(Im(Z.) /Re(Z.)). 3)

Fig. 4 shows the curve of 87, when the equivalent resistance
Zr changes. The parameter A = Zy/Z; represents the trans-
fer ratio at the nominal operating point, and at this point, the
impedance Z; is designed to be resistive, as shown in Fig. 4.
It can be seen that with an increase in Zg, the angle of Z
becomes larger than zero, which means Z; changes to be in-
ductive. On the contrary, the impedance Z; behaves capacitive.
The nonresistive characteristics of Z; induces extra inductance
or capacitance components in the resonant tank, which affects
the resonant frequency and operating characteristics of the high-
frequency converter.

Fig. 5 shows the switch drain-source voltage of the high-
frequency resonant SEPIC circuit shown in Fig. 2 under different
Zk conditions. Fig. 5(a) shows the waveform of vpg at the
nominal operating point. It can be seen that at the turn-on point
the voltage vpg just resonates to be zero which means the switch
can achieve ZVS turn-on characteristics. However, as shown
in Fig. 5(b), when the equivalent rectifier load Zy doubles,
the ZVS characteristics loss and the drain-source voltage is
clamped by the reverse conduction of the switch body diode.
The reverse conduction causes large reverse conduction losses
in high-frequency condition. According to (2) and Fig. 4, it
can be concluded that the resonant period decreases because
of the extra inductive component of transferred impedance Z; .
Thus, to guarantee the switch operating in the soft-switching
condition within a large load variation range, it is necessary to
adopt and design matching networks with resistive transferring
characteristics.
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Fig. 6. Diagram of the T-type matching network.

B. T-type Matching Network

In the following discussion, a T-type matching network is
adopted and analyzed to solve this problem. Fig. 6 shows a
diagram of the T-type matching network, which is composed of
two capacitors and one inductor.

In the frequency domain, the transferred impedance of the
T-type matching network can be calculated as

$3ZrC1L,Cy + s> (L;C1+LCy) + sCZg + 1
L — .

§3C1L,Cy + s2C1CyZg + 5Cy

“)

The basic requirement of the matching network is to guar-
antee the transferred impedance Z; to be resistive at nominal
operating angular frequency w. Based on the earlier rule, in
the numerator and denominator of (4), the coefficients of the
imaginary and real components must be in proportion and sat-
isfy

1 — w?(L,Ci+L,C;) C;Zg (1 —w*CiLy)
> = 5 =Z.. (5
—w*CCsZg Cy (1 — w?L,Cy)
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TABLE 1
PARAMETERS IN DIFFERENT NOMINAL OPERATING CONDITIONS
(f = 20 MHz)
Zr Zu k  G@F) Ci(F) L aH)
17 5 0.5 1977.7 988.85 77.38
17 5 1 863.14 863.14 73.37
17 5 1.3 560.44 728.57 76.05
17 5 1.5 3908.32 597.48 83.91
17 10 0.5 1756.8 878.42 123.58
17 10 1 610.33 610.33 103.76
17 10 1.3 72.95 56.11 496.05

Here, C| = kCy, then (6) and (7) can be obtained according
to (5)

Zr —kZ
2 R L
0 Cily = —————— (6)
k(Zr — Z1)
L Ci(k+1)—1
Z1Zgr = : 7
LZR k2 C2 (7

Based on these equations, the final values of C;, C;, and L;
can be calculated as

C. = 1 Z1k*—Zr
ST wk\ ZLZr(ZL—Zg)

_ 1 Z1k*~7Z . 8
G = ERY, ZLZLR<Z,,—RZR> ®)

L _ 1 Zr—kZ;
ST W Cy k(Zr—2Z1)

The T matching network can achieve two matching cases: one
is the low-to-high case (Z;, < Zg), and the other is the high-
to-low case (Z;, > Zg). Some insight guidance to understand
these two cases can be seen from [32]. For these two different
matching cases, the restrictions of k are quite different. For the
low-to-high case, according to (6) to (8), (9) should be satisfied

ZR—ZL>O
Zr —kZp >0 . 9)
ZR—kZZL>0

From (9), the variation range of k in the low-to-high matching
case can be calculated as

0<k< \/ZR/ZL.

With a similar method, in the high-to-low matching case, the
restrictions can be obtained as

(10)

ZR—ZL <0
Zr—kZ;, <0. (11)
ZR —k2ZL <0

Based on (11), the variation range of k in the high-to-low
matching case can be calculated as

,/ZR/ZL < k.

Taking the low-to-high case as an example, in different &
values and nominal operating conditions, the parameter values
are calculated as shown in Table I. It can be seen that at the
same transfer ratio A = Zy/Z |, with increasing k, the values of
capacitors C and C; decrease. The minimum value of inductor

12)

5065

0.4

0.3 /

0.2

Nominal Opérating point /
ol N p
N
B— ——
0.1 ,/ \S\
-0.2 \

impedance angle of ZL (rad/s)

—4+— k=0.5 \S\

-0.3 —8— k=1 \S\
—O— k=1.5

-0.4 s,

AN
0.5 ~e

12 14 16 18 20 22 24 26 28 30 32
equivalent resistance Z (Q)

Fig. 7. Angle curves of impedance Z;, with change of Zg in T-type matching
network.
YYY\ || 1]
Le 1l Il
C @
_k
19Y72 H T G Z I [] Zg
Inverter Stage Matching Stage
Fig. 8. High-frequency converter with T-type matching network.

L, is achieved when k = 1. On the other hand, at the same k, with
the decrease in transfer ratio A, the values of the two capacitors
also decrease while the value of the inductor L, increases.

From the preceding analysis and parameters at the nominal
point, Fig. 7 shows the angle curve of impedance Z; when the
equivalent resistance Zy changes. It can be seen that when k
is smaller than 1, the impedance Z; becomes inductive with
the increment of impedance Zg. The trend is similar to that of
the L-type matching network. However, when £ is larger than
1, the impedance Z; becomes capacitive with the increment
of impedance Zg. The expected characteristics appears when
k = 1. In this condition, the impedance angle of Z; always re-
mains zero, it means Z is resistive no matter how the equivalent
resistance Zg changes. The same conclusion can also be drawn
after substituting the corresponding parameters into (4), where
the imaginary parts are zero.

From the preceding analysis, Fig. 8 shows the circuit of a
high-frequency converter with the T-type matching network at
k = 1 which replaces the L-type matching network in the high-
frequency resonant SEPIC converter. Fig. 9 shows the simula-
tion results at Zx = 17 and Zr = 34 Q2 condition, respec-
tively. From Fig. 9(a), it can be seen that the switch can turn
on in the ZVS condition at the nominal operating point and the
drain-source voltage waveform is the same as that in Fig. 5(a).
Fig. 9(b) shows the voltage waveform when the equivalent
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rectifier load Z; doubles, the waveform is similar to that at
the nominal operating point. Except at the turn-on point, the
drain-source voltage is a little bit higher than zero, which is
caused by the magnitude change of the transferred impedance
Z, which will be analyzed in the next section. The resistive T-
type matching network leads small changes to the resonant tank
of inverter stage because of no extra inductive or capacitive com-
ponents added. Comparing with the reverse conduction losses
in L-type network, T-type matching network can guarantee well
switching characteristics and small switching losses.

At the same time, because of the duality characteristics, a
similar 7-type matching network is also proposed, as shown
in Fig. 10. With a similar design procedure to that for the T-
type matching network, the parameter expressions of the 7 -type
matching network can be obtained.

In addition, assuming C; = kCy, Fig. 11 shows the angle
curves of impedance Z; when the equivalent resistance Zg
changes. Similar to the T-type matching network when k = 1,
the impedance angle of Z; always remains at zero, which means

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 6, JUNE 2018
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that Z; is resistive, no matter how the equivalent resistance Zg
changes.

III. EFFECT ANALYSIS OF IMPEDANCE AMPLITUDE AND
RECTIFIER PHASE

Based on earlier analyses, it can be seen that for the L-type
matching network, the soft-switching characteristics lose with
the variation of rectifier equivalent impedance. Meanwhile,
for the T-type or m-type matching network, when k = 1, the
switch drain-source voltage is almost not affected by a change
in rectifier equivalent impedance Zg. In Section II, the phase
transferring characteristics of different matching networks are
analyzed. However, it cannot be solidly proven that the well
operating property is caused by only the phase preservation of
the T matching network, because the amplitude of impedance
Z;, will also change and the equivalent impedance Zz may not
be always resistive. In the following section, these two points
will be discussed.

A. Effect of Impedance Amplitude

In the preceding analysis, the most concern is that the phase
change of impedance Z; affects the operation mode of the res-
onant inverter. However, with the variation in Z, the amplitude
of the transferred impedance Z; will also change, which may
also affect the operating condition of the inverter stage. In this
part, the effect of impedance amplitude will be analyzed.

For the T-type matching network, Z 7 ;o and Z 7_go are de-
fined as the impedance values at the nominal operating point.
Taking k = 1, for example, for a constant operating frequency,
the relationship between Z7_; and Z7_g in the T-type matching
network can be calculated as

Z71 10ZT R0

13
7 (13)

Zr =
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It can be seen that impedance Z;_; forms an inversely pro-
portional relationship with Z7_g and is always resistive. With a
similar method, the relationship between Z; ; and Z;, in the
L-type matching network can be calculated as

Zip=R+jX =

Z1RZ110Z1 koA + j (ZL oA =1(Z7 g — Z7 o))
Z%,RO + Z%,R (A-1

(14)

where Z | ;o0 and Z; _po also represent the impedance values
at the nominal operating point, and A = Z; ;0/Z1_go- Mean-
while, the resistance part R and the reactance part X can be

5067
40 — —
A Z;=10Q A
30 /\\ - /‘\\ Z;=5Q K\
. f [ N\ z=0
o
féb 20 \
210 [\ |\
- \ I\ N
0food 1\ J |\
-10
0 40 80 120 160
Time/ns
Fig. 15.  Simulation results of switch drain-source voltages with different Z; .

+ uc -

-

»

’—> ir i; ’:Dl l +
d

] 7o
L+ ]

Fig. 16.

Resonant rectifier adopted in the high-frequency converter.

written, respectively, as follows:

Z1 RZ1 10Z1_ROA Z] o

— — (15)
Zi ot Zig(A=1) ZZiL’:J +Zir(A—1)
X — ZL*LO M A - 1 (Z%,R - Z%,RO) . (16)

Ziro+Zig(A=1)

However, as shown in Fig. 12, the series structure cannot
intuitively describe the variation in impedance Z;. Thus, the
structure of resistance and reactance should be transferred from
a series branch to a parallel branch, as shown in Fig. 12.

Thus, the relationship between different structures of
impedance Z; can be represented as

R jX, R X?

_ RiX,
Ri+jXi R +X}

R} + X3

R+ jX = 17
Then, according to (17), the transferred resistance and reac-
tance in the parallel structure can be obtained as

Ri=R+%
o (18)
X1=X+7

Fig. 13 shows the resistance and reactance curves of T-type
matching network (k = 1) and L-type matching network. It can
be seen that with increasing Zg, the resistance Z7_; steadily
decreases, which is consistent with (13). From the curve of
the parallel resistance R; of the L-type case, it can be seen
that the resistance variation range is much smaller than the
variation range of the T-type case. Also with increasing Zg,
a minimum value exists in the curve of R;. From (16), it can



5068 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 6, JUNE 2018
.y 7 — ‘ = h . ;
¥ 8y, v (2V/div) i (1A/div) fou (LA/diV)
'S N Vo (QV/div) (100% load) (50% load) 7
J ;- e =
— — — — T ¥
N — Y =y N\
— \ = i 2l
— TN - "7 \ - N - 7 -
1 e (1A/div) iree (1A/div)
% (100% load) (50% load 4 Y
A\ /
Time (5ns/div)
Fig. 17.  Main current and voltage waveforms in 100% and 50% load conditions.
TABLE II
INDUCTANCES BASED ON DIFFERENT DESIGN METHODS (d = 0.5 MM,
riw = lmm,n=4)
Width Ly (nH) L, (nH) L3(nH) Ly/Ly (%)
e (mil) (This Paper (Current Sheet (FEA
Method) Method) Simulation)

7 10 58.14 70 87.19 83

15 61.19 74 89.32 82

20 64.73 79 92.31 82

25 68.56 84 96.51 82

(a) (b) 30 72.55 89 101.57 82

35 76.67 94 105.99 82

Fig. 18. Simplified winding structures of planar circular spirals and planar 40 80.88 100 108.87 81

45 85.14 105 114.03 81

square spirals. (a) Circular spiral windings, (b) square spiral windings.

L/nH —=— theoretical L_circle
900+ —e— theoretical L_square
v simulation L_circle
750 A simulation L_square
600
450
300
150+
0
5
N
Fig. 19. Inductance curves of square and circular windings by calculation and
simulation (w = 1 mm, d = 0.5 mm, r;;, = 1 mm).

be seen that when Zj, is larger than Z; go, the reactance is
larger than zero. This means the impedance is inductive, so the
equivalent inductance of X can be calculated by L; = X /w.
Fig. 13 also shows that the inductance continues to decrease
with increasing impedance Zg. The small inductance will cause
a great change in the inductive component in the resonant tank.
Thus, the resonant frequency will also be greatly affected as
analyzed in Section II.

To further investigate the effect of the impedance amplitude,
a simplified inverter stage is adopted to be simulated. Fig. 14
shows the simplified circuit of the inverter stage with only load
Z; . Fig. 15 shows the simulation results of the switch drain-
source voltages with different amplitudes of Z; .

It can be seen that when Z; = 5 2, the switch can turn on in
ZVS condition, which operates at the desired point. When the
impedance Z, is larger than the desired value, the switch drain-
source voltage reaches zero earlier than the original rising edge
of the gate voltage. In addition, the peak switch voltage also
increases in this condition. In contrast, when the impedance Z;,
is smaller than the desired value, the switch drain-source voltage
does not resonate to zero when the driving signal comes. On the
basis of previous analysis, the increment of Zg causes a decrease
in transferred impedance Z;, in both L-type and T-type matching
networks. However, in the L-type case, comparing the results of
Fig. 5 and Fig. 15, it can be seen that the switch voltage trends
are opposite. This means that the impedance phase dominates
the change in switch drain-source voltage. Meanwhile, for the
T-type matching network, the trends in Figs. 9 and 15 are the
same.

From these analysis results, it can be concluded that the am-
plitude of impedance Z; indeed affects the switch drain-source
voltage and operating condition. However, the most important
influencing factor is the impedance phase. The phase changes
lead additional inductive or capacitive components into the
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where ¢ and o, are the characteristic roots of (19). Also, Ay, A,,
and B can be calculated according to system operating modes.
Based on (20), the drain-source curves with different impedance
Z | canbe obtained, similar to those shown in Fig. 15. From these
results, the amplitude variation of impedance Z; indeed affects
the operating mode. However, the small amplitude changes will
not introduce too much impact as shown in Fig. 9. Thus, it
is quite effective to adopt the T-type matching network with
resistive transferring property.

B. Phase Property of Rectifier Equivalent Impedance Zg

Meanwhile, in the earlier analysis, with the change in dc-
load resistance, the rectifier equivalent impedance Zy is always
assumed to be resistive. The phase property of impedance Zg
should be investigated with the variation in dc output load. The

windings (w = 1 mm, d = 0.5 mm, rj,, = 1 mm).

circuit of the resonant rectifier adopted in the high-frequency
dc/dc converter is shown in Fig. 16.

In [20], the corresponding equations and design method of
the class E resonant rectifier are introduced in detail. On the
basis of the analysis, the parameters of the resonant rectifier in
the nominal output power condition can be optimally designed
to achieve a resistive equivalent impedance Zg. Under light-
load conditions, with the help of Pspice software, the high-
frequency circuit can be simulated. The phase of the impedance
Z g can be extracted from the fundamental component of rectifier
input current and input voltage. Fig. 17 shows the main current
and voltage waveforms of the rectifier in 100% and 50% load
conditions. It can be seen that the dc output voltage and rectifier
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Fig. 22.  Prototype circuit of 20 MHz high-frequency converter with the T-type matching network.
TABLE III TABLE IV

MAIN PARAMETERS AND DEVICE TYPES OF THE HIGH-FREQUENCY SYSTEM

Device Label Value/Type Device Label Value/Type

Lp 22 nH Cout 4 uF

S S17454 U, Oscillator LTC1799
Cext 1470 pF U, PWM controller/UC3842
Cy Cy 1300 pF Us AND Gate/NC7SZ08
Ly 47 nH Uy Inverter/NC7WZ04
Lyec 22 nH Ly 110 nH

Dyec STPS2H100A L, 72 nH

Cpext 100 pF Cp 0.1 uF

input voltage keep constant with the change of output power.
The dc output current and rectifier input current varies with
the change of output power. Meanwhile, with the variation of
load, the fundamental components of rectifier input voltage and
current are still almost in the same phase. So the impedance Zg
can be considered as resistive with the variation in dc output
load.

IV. DESIGN OF HIGH-FREQUENCY SPIRAL INDUCTORS

In high-frequency condition, the inductances are within tens
or hundreds of nanohenries; thus, planar spiral inductors can
be used. Among them, planar square spirals and planar circu-
lar spirals are the two basic and widely used windings. Some
effective equations and tools can help to design the planar spi-
ral inductors with these typical structures [28]-[31]. A detailed
design procedure is introduced in this paper, which can provide
some guidance to design spiral inductors.

The simplified winding structures of the circular spiral induc-
tors and square spiral inductors are shown in Fig. 18(a) and (b),
respectively. Here, it starts from the planar circular spiral induc-
tors. To further reduce the structure and ensure the inductance
of the equivalent model is as close as possible to the induc-
tance of the original structure, each circle can be equivalent to
a quasi-regular octagon.

For the octagonal winding, the self-inductance of the pla-
nar circular spiral winding is the sum of that in the planar

PARAMETERS OF 47 NH HIGH-FREQUENCY INDUCTOR WITH
DIFFERENT STRUCTURES

Structure Discrete Inductor Square Spiral  Circular Spiral
(1812SMS-47NGL)  PCB Inductor PCB Inductor

L/nH 47.1 (Coilcaft) 47.3 47.2

turns 6 4 4

Ry @20 MHz/m$2 65 57.1 46.5

Q@20 MHz 100 104.1 127.5

volume/mm"3 5%x35%4 7x7%1.67 7% 7%1.67

conductors. According to the self-inductance expression in [33],
the total self-inductance of a planar circular spiral winding with
N turns can be obtained. Also, the total mutual inductance is
the sum of each mutual inductance that is inducted through the
coupling between two conductors. For the mutual inductance
calculation, only the mutual inductances between parallel con-
ductors and the connected conductors with a certain angle are
taken into consideration. The corresponding mutual inductances
can be calculated based on [34]. Then the total inductance can be
calculated. The inductance calculation method for square wind-
ings is similar to that for circular windings and is not described
in detail here.

The inductances with different structure parameters, such as
the width w, clearance distance d, turns N and inner radius r;y,,
can be calculated based on the earlier method. Also, the three-
dimensional (3-D) models corresponding to these structure pa-
rameters are established and simulated in the Ansoft Maxwell
3-D FEA software to verify the validity and feasibility of earlier
analysis. From the inductance curves presented in Fig. 19, it
can be seen that the calculated values of circular windings and
square windings maintain good consistency with the simulation
values. These results verify the correctness of the analysis.

Meanwhile, Table II compares the inductances designed with
different methods, such as the current sheet method in [29] and
FEA simulation. It can be seen that the trend is the same with
the increment of width. The inductances of FEA simulation are
larger than those of the former two methods. And, there is an
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Fig. 24.  Waveforms of switch and driving signal in full-load condition.

almost constant inductance ratio between the proposed method
and the current sheet method. This shows that the method in this
paper can be adopted to design spiral inductors.

Here, the circular winding structure is taken as an example
to analyze the impact of the structure parameters as shown in
Fig. 20. The winding turns N plays a remarkable role in deter-
mining its inductance values. As shown in Fig. 20(a), the ratio
of inductance L and N? forms an approximately proportional re-
lationship with N. From Fig. 20(b) to (d), it is seen that there is
also a clear proportional relationship between inductance values
and their width w, clearance d, and inner radius r;y.

Meanwhile, for high-frequency inductors, a significant prop-
erty is quality factor Q. When the frequency increases to tens
of megahertz, because of the skin and proximity effects, the re-
sistance increases rapidly. Higher O means lower resistance at
the same inductance value, which helps to reduce the conduc-
tion losses. In the dc condition, the resistances of square spiral
inductors and circular spiral inductors can be calculated as

8 N 1
Ryquare = 57 2k (Y

Trw +E—Dut(k—Dd
_ 2mp N 1
Reircle = h Zk:ll i et (k—Dd

I ) k= Du+k—1d

21

It can be seen that with same parameters, the dc resistance
of square windings is almost 1.3 times larger than the dc re-
sistance of circular windings. In high-frequency condition, the
ac resistance forms an approximately proportional relationship

fixed T

with the dc resistance. Thus, the circular structure can reduce
the winding resistance.

The same conclusion can be drawn from Fig. 21. Here, the cir-
cular winding structure always maintains a higher quality factor
than the square winding structure. In future work, the winding
resistance is expected to be further reduced in high-frequency
condition. The preliminary idea is changing the copper width of
different turns. For spiral inductors with variable width struc-
ture, the existing expressions cannot be adopted to design the
inductors. However, they can be designed using the detailed
method mentioned previously.

Based on aforementioned analysis, to design an inductor with
a specific value, the turns can be first decided to make the
inductance near the desired value. Then the width, clearance
and inner radius can be slightly adjusted to realize the specific
value. Meanwhile to reduce the winding resistance, it is better
to adopt windings with wider track width.

V. EXPERIMENTAL RESULTS

Based on the earlier analysis, a 20-MHz high-frequency res-
onant converter with the T-type matching network is designed
and built in the laboratory. The circuit is shown in Fig. 22.
The input voltage is 8 V, the output voltage is 5 V, and the
output power is 10 W. The system component parameters are
listed in Table III. In the prototype, the high-frequency capaci-
tors are chosen from the 700-A series RF/microwave capacitors
manufactured by ATC. The capacitor size is about 0.14 mm x
0.14 mm. As shown in Fig. 22, there are two input signals for
the AND gate—one is the 20-MHz high-frequency signal gener-
ated by the oscillator, and the other is the pulsewidth-modulated
(PWM) enable signal. Through the AND gate, the output signal
is enhanced by several parallel CMOS inverters. Then, Lg, L,
Cp, and switch input capacitor Cjss form a sinusoidal resonant
gate driving network. The inductor can resonate with the switch
input capacitor. Thus, part of the energy stored in the switch
input capacitor can be saved in each period. However, in the
conventional driving circuit, the energy of the input capacitor is
completely dissipated in each period. Thus, the sinusoidal reso-
nant driving method can greatly reduce the losses in the driving
circuit. The losses of the sinusoidal resonant gate driver can be
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Fig. 25.  Main voltage waveforms in 90% load condition. (a) Switch drain-
source voltage and driving voltage, (b) output voltage (ac coupled), and
(c) enable signal of the PWM controller

approximately calculated by

Poate = 2R, 7w? f2CE V2

iss ' gs*

(22)

where R, represents the switch gate resistance, Cjs represents
the switch input capacitance, and V,, is the amplitude of the
driving voltage.

Table IV shows the parameters of the 47-nH high-frequency
inductor with different structures. According to the detailed
analysis in Section IV, the spiral inductors with square and cir-
cular windings are designed. It can be seen that with a similar
inductance, the circular spiral inductor has the smallest ac re-
sistance and the highest quality factor, which can reduce the
inductor losses and improve system efficiency. The effective
thickness of the spiral inductor is calculated by the sum of the
thickness of the PCB and copper trace.

The on-off control method is adopted to regulate the output
voltage as shown in Fig. 23. It can be seen that the duty cycle of
the enable signal changes with the variation in load in order to
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Fig. 26. Main voltage waveforms in 50% load condition. (a) Switch drain-
source voltage and driving voltage, (b) output voltage (ac coupled), and
(c) enable signal of the PWM controller

regulate the output voltage. Here, the chip UC3842 is chosen as
the PWM controller, and the constant operating frequency can
be set by adjusting the oscillation resistor and capacitor.

Fig. 24 shows the waveforms of the switch and driving signal
under full load condition. It can be seen that the switch turns on
in ZVS condition, and the driving signal is in sinusoidal form
which can reduce the driving losses.

Figs. 25 and 26 show the control and switching voltage wave-
forms in the 90% and 50% load conditions, respectively. It can
be seen that with the proposed resistive matching network, the
switch can keep turning on in the ZVS condition within a wide
load variation range. And, the duty cycle of the enable signal
decreases with the reduction of load. Here, the frequency is set
to 340 kHz.

Figs. 27 and 28 show the switch and driving signal voltage
waveforms during the turn-on and turn-off transitions, respec-
tively. It can be seen that because there is no bulk inductor in the
proposed high-frequency converter, the transition time is short,
and it can achieve very fast dynamic response.
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Fig. 29 shows the losses dissipation of high-frequency con-
verter based on discrete solenoid inductors and spiral circular
inductors. It can be seen that with a high quality factor, the
losses of circular spiral inductor are lower than that of the dis-
crete solenoid inductor, which helps to achieve high system
efficiency. At the rated output power, the efficiency of the high-
frequency converter can be improved from 79.9% to 81.8%
when replacing the discrete solenoid inductors with circular
spiral inductors.
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Efficiency curves of high-frequency converter with different matching

The loss model of the dc/dc converter can be approximately
obtained from the following equations. The losses of the high-
frequency capacitor with high quality factor are ignored. The
losses of the inductor can be calculated as

P, =1> - Ry.

ac,rms

(23)

For the soft-switching characteristics, the conduction losses
of the switch can be calculated as

Ps =12 - Rps. on- (24)

The diode losses can obtained from (25), the losses can also
be calculated according to the expression in the diode datasheet

Pp=1Ir-Vp. 25)

In the driving circuit, besides the gate resistance losses in (22),
the losses of the parallel CMOS inverters can be calculated as

Poy=n-Cpp-V*- f (26)

where 7 is the number of the paralleled inverters, Cpp is the
power dissipation capacitance, and V is the supply voltage.

Fig. 30 shows the efficiency curves in different prototype con-
ditions. Comparing the efficiency curve of high-frequency con-
verter with the resistive T-type converter and L-type converter,
it can be seen that in the full load condition, their efficiencies
are approximately the same. However, with decreasing output
power, the high-frequency converter with T-type matching net-
work is more efficient because of the good soft-switching char-
acteristics in light-load condition. Besides the prototype in this
paper, the m-type matching network and T-type matching net-
work can also be adopted in other dc—dc/dc—ac high-frequency
topologies to improve their performance.

The picture of the prototype is shown in Fig. 31. For the
prototype, the total volume, including the driving stage and the
control stage, is 0.19 in®. For the power stage, the power den-
sity is approximately 150 W /in?. Meanwhile, with increasing
system output power, the system power density can be further
improved. In 20 W output condition, the power density of the
power stage can achieve 300 W /in>.
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Fig. 31.  Prototype. (a) Top view, and (b) bottom view.

For planar spiral inductors, the magnetic field will be vertical
to the PCB. If a ground plane is placed under the spiral inductor,
eddy currents at 20 MHz could cause extra losses, especially
for higher power applications. Thus, in the prototype, this lay-
out way is avoided. Also, in high-frequency condition, because
the coupled effect of the magnetic field is not very clear, the
inductors are not overlapped. The planar spiral inductor is easy
to be integrated. In the future work, with the integration tech-
nology, the volume of the driving stage and control stage can be
significantly reduced and system power density can be further
improved.

VI. CONCLUSION

This paper proposes and investigates two resistive matching
networks for high-frequency resonant converters. The T-type
matching network and w-type matching network can maintain
resistive transferring characteristics with proper design, which
can guarantee the switch operating in a good switching mode
within wide load variation range. In addition, a detailed analysis
of planar spiral inductor is conducted. Also, the quality factor
characteristics of different winding structures are analyzed. A
20-MHz prototype with the resistive T matching network vali-
dates the feasibility of the proposed converter and design meth-
ods. The system efficiency is significantly improved in light-load
condition.
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