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Class-E Isolated DC-DC Converter With High-Rate
and Cost-Effective Bidirectional Data Channel

Fabio Pareschi”, Senior Member, IEEE, Nicola Bertoni
Giovanni Frattini, Riccardo Rovatti

Abstract—In this article, we propose a methodology to create a
through-the-barrier bidirectional communication channel between
the two sides of an isolated class-E resonant dc—dc converter. Our
methodology is innovative since communication occurs through the
same transformer used for energy transfer, and relies on connecting
and disconnecting an auxiliary capacitance. By doing so, the con-
verter switches between a faster and a slower response without any
change in the clock controlling its activity. With this, it is possible
to achieve a very high-rate bidirectional communication (up to
1 b per switching clock period) with virtually no limitations in the
converter power with respect to a standard class-E implementation.
Measurements performed on a prototype operating at 1 MHz and
capable of delivering up to 1.2 W is presented as a proof-of-concept.

Index Terms—Class-E converters, data transmission, through-
the-barrier communication, resonant de—dc converters.

I. INTRODUCTION

ALVANIC isolation is a requirement in many electronic
G applications, mainly for safety and grounding purposes.
It is commonly used in safety-critical devices, such as medical
equipments [ 1]-[3], and benefit many other applications [4], [S].

In simple devices, the “isolated” part of the system is the
one in charge of delivering the electrical energy, typically by
means of a power transformer. Yet, more complex systems
requiring galvanic isolation, also need a (possibly bidirectional)
data transfer interface across the isolation barrier as sketched in
Fig. 1(a). This is usually achieved by means of an extra pulse
transformers [6]-[10], optocouplers [11], [12], or high-voltage
capacitors [13]-[15]. Unfortunately, increasing the number of
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Fig. 1. (a) Standard solution for isolated power and data transfer. (b) Basic
concept of the solution proposed in this article.

isolating devices in a system leads to many drawbacks, mainly
due to the fact that these components are the most cumbersome,
expensive, and difficult to integrate part of the circuit. This poses
several limitations in the realization of miniaturized or even fully
integrated isolated systems [16].

The aim of this article is to introduce a novel through-the-
barrier communication technique for systems based on isolated
resonant dc—dc class-E converters [17], which has minimal
impact in terms of overall size/cost and negligible degradation
in terms of power conversion efficiency.

The grand view of the system is depicted in Fig. 1(b), where a
single isolation transformer is used both by the class-E resonant
converter to transfer power from the primary side to the sec-
ondary side, and to exchange information from the secondary
side to the primary side (backward communication) or from
the primary side to the secondary side (forward communica-
tion). The methodology requires to connect and disconnect an
auxiliary capacitance, switching, in this way, between a faster
and a slower circuit response, with no changes in the converter
overall activity. The proposed solution is capable of achieving a
high-rate bidirectional data transfer with virtually no limitations
in the converter power with respect to a standard class-E imple-
mentation. This represents a great advantage compared to other
solutions proposed in the literature that have strong limitations
either in output power or in data-rate.

The article is organized as follows. In Section II, we propose
a brief overview of the state of the art in through-the-barrier
communication, and a review of the most adopted solutions,
which appeared in the literature. Section III introduces the
class-E converter topology considered in this article, while
Section IV describes the modification we propose to the con-
verter to allow communication. In Section V, an example design
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is provided, while measurements on the implemented prototype
are reported in Section VI. Finally, in Section VII, we provide
some consideration on the energetic cost of the transmission
channel, and then we draw the conclusion.

II. STATE OF THE ART AND COMPARISON WITH
OTHER SOLUTIONS

A plethora of different solutions to enable power and data
transfer between the two sides of isolated devices has been
proposed, depending on the target application.

In telemetry (as, for example, biomedical internal electronic
prosthetic devices) typical power is extremely low (LW up to
a few mW). In the most general case, the design is focused
on a data link via inductive coupled coils, while an additional
power recovery stage aims at regenerating enough power for
the secondary circuit [1]. In recent designs, to allow a high data
rate while maintaining an adequate power transfer efficiency,
multiband telemetry systems are employed transmitting power
and data using different frequencies and sometimes different
(overlapped or even completely superimposed in space) coupled
coils [2], [3].

When power requirements increase, space issues are typically
relaxed and the solution most commonly adopted is to use two
independent interfaces, one for power- and one for data-transfer.

Optical coupling has been the leading isolation technique in
the last decades in many applications in the areas of telecom-
munications, robotics, and micro-systems [11], [12]. The main
advantage is that optic is inherently immune to external electric
or magnetic fields, allowing easy designs in any working con-
dition. Furthermore, the unbounded lower coupling frequency
allows for direct data transfer without any additional coding
technique [18]. However, this solution has limitations in terms
of integrability, speed, and energy requirements, as well as in
the degradation over time of the necessary light emitting diode
(LED) system, which may lead to a complete loss of the coupling
functionality [19].

As a consequence, in recent high-end systems, optocoupling
has been replaced by alternative solutions. Many commercial
products available today are based, in fact, on inductive coupling
[20]-[22], and many application examples have been proposed
by main information and communications technology (ICT)
players [6]-[10]. Another solution is represented by capacitive
coupling [13]-[15], which has the advantage of a lower cost
and an easy embeddability in almost all CMOS technologies. In
both cases, amuch lower energy with respect to the optocoupling
solution is required, and no performance degradation over time
is observed. Yet, both solutions require special signal coding
techniques due to a limitation of the bandwidth available for
communication.

A few solutions where a single isolation device (namely,
a transformer) is used both for power and data transfer has
recently appeared in the literature. Yet, they all strongly differ in
both methodology and application, so that a comparison (either
among them, or with the methodology proposed here) is hardly
possible. In [23], a 900 mW isolated dc—dc prototype based
on a LLC full-bridge with embedded 1 Mb/s communication
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channel is proposed. The forward communication is achieved by
altering the full-bridge switching phase, and the backward one
by altering the load impedance. In [24], a standard pulsewidth
modulation-based dc—dc prototype with bidirectional communi-
cation at 1 Mbit/s rate is presented. The data encoding technique
is based on amplitude modulation (AM) for the backward com-
munication and on frequency modulation (FM) for the forward
one. Yet, the prototype is capable of delivering only 14 mW.
Another interesting solution is given by [16], where authors
implemented an integrated circuit (IC) prototype capable of half-
duplex communication over an integrated isolation transformer
up to 40 Mb/s via amplitude-shift keying (ASK) modulation.
The backward communication is performed by changing the
impedance at the transformer secondary side, while the forward
one requires switching a series resistor, thus modulating the
oscillation signal at the transformer primary winding. However,
also this solution can be used for transferring a limited power,
and the prototype allows only a 23 mW power transfer.

III. CLASS-E CONVERTER TOPOLOGY AND DESIGN

The methodology discussed in this article is applied to an
isolated class-E dc—dc converter. This topology was introduced
in the early 1980s [25] taking advantage of the class-E radio
frequency (RF) circuit design principles. The basic idea ground-
ing its working principle is to add passive resonant elements
to a de—dc switching converter with a twofold effect. On the
one hand, additional resonant elements make many semicon-
ductor parasitics negligible, which results in a circuit behavior
almost independent of nonidealities. On the other hand, resonant
elements can be designed to give a sinusoidal-like shape to
the voltage across switching devices, to avoid abrupt voltage
changes at switch turn-ON instants. This waveform-shaping tech-
nique is commonly referred to as soft-switching, and alleviates
switching-time requirements, thus allowing higher frequency
operation and thus enabling transient response decrease and
power density growth [26].

The schematic of the considered converter is depicted in
Fig. 2(a). The circuit can be divided into an inverter and a
rectifying block connected by an isolating transformer. The
inverter block is oscillating by means of a single MOS switch
directly controlled by a clock signal Vg (¢) with period T, while
the rectifying block provides a dc output thanks to the diode.
The reactive elements (i.e., the two capacitors Cip, and Clec,
the inductor L., and the transformer, whose inductance at the
primary side is L},) perform the waveform shaping: Referring to
the notation of the figure, soft switching is achieved by synchro-
nizing the zero-level-crossing of the MOS source—drain voltage
Vbs(t) with the MOS turn-ON instant [zero-voltage switching
(ZVS)], possibly with a zero derivative [zero-voltage-derivative
switching (ZVDS)]. A typical set of waveforms featuring both
ZNVS and ZVDS is shown in Fig. 2(b).

Historically, the design of a resonant converter has never been
an easy task, since waveforms depend on all circuit elements. In
many cases, it is difficult to achieve an exact zero value for the
Vbs(t) at the MOS turn-ON instant. Indeed, a low, but nonzero
value is generally tolerated since efficiency is not impaired.
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Fig. 2. (a) Schematic of the class-E resonant dc—dc converter considered in
this article. (b) Typical waveforms, showing almost perfect ZVS and ZVDS.

This case is known as guasi-ZVS. Similarly, one can tolerate
quasi-ZVDS behavior. Difficulties in the converter design are
also due to the fact that, referring to Fig. 2(a), the optimal class-E
condition is achieved only at the nominal I, (or, equivalently,
for the nominal Ry,). To cope with a variable load, the converter
design has to be increased in complexity, and one has either
to lose optimal class-E operation, or to introduce a feedback
such as a frequency control [25], [27] or an ON—OFF control
[26], [28]. The latter is preferred in more recent designs and
consists in a sort of “dimming”: the converter is turned on and
off at a relatively low frequency so that it is either working at
the optimal operating point, or it is off. Yet, implementing an
ON-OFF control in the schematic of Fig. 2(a) requires a (possibly
isolated) feedback path. Our communication technique allows
implementing such a feedback without requiring an additional
(isolated) channel. Results of a possible implementation are
presented at the end of the article.

We base the design of the converter on the innovative approach
recently proposed in [17]. Previous state of the art was based on
the so-called sinusoidal approximation: waveforms are assumed
to be pure sinusoids or, in some design, sinusoids with a dc offset
[26], [29], thus allowing to easily solve the design problem
in an approximated way. Regrettably, this approach requires
a further parameters tuning via very time-consuming SPICE
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simulations to eventually obtain the desired soft switching. This
impasse is overcome in [17] by introducing an exact and semian-
alytic methodology specifically developed for the converter of
Fig. 2(a). Such an approach allows a direct and quick design,
where optimal class-E conditions are perfectly achieved (as
confirmed by the simulation of Fig. 2(b), obtained according
to this procedure).

The approach, that has been further improved in [30], is
also capable of take into account the most important circuit
nonidealities (such as the switch ON-state resistance, and all
passive elements ohmic losses). This is of paramount importance
asitallows us to get a very precise design even when considering
elements with a finite quality factor. The basic working principle
of the design procedure is to translate the problem of designing
a converter that features ZVS and ZVDS when operating in the
stationary condition, into a nonlinear mathematical problem. For
the aim of this article, it is not necessary to recall all details;
however, we summarize in the following, the main steps to ease
the understanding of the design approach proposed in Section V.

A. Design Procedure Steps

Let us consider a single clock period, i.e., t € [0,T]. Let us
also assume that ¢ = ¢S = 0 indicates the time instant when
the MOS is externally turned off, and t = QN = T'/2 the time
instant when it is turned on. Let all quantities regulating the
converter behavior (such as the main oscillating frequency, the
input and output voltage Vi, and Vi, the reactive elements loss
parameters, etc.) be a priori fixed design constraints, except for
Ly, Lyec, Ciny and, Cye that are design variables.

Authors of [17] were able to analytically solve the nonlinear
ordinary differential equation system regulating the evolution
of the circuit of Fig. 2(a), and, therefore, to get a closed-form
expression for I, (1), Iec(t), Vbs(t), and Vka(t) int € [0, T).
From a mathematical point of view, the achieved expression
are functions of all design parameters and of the circuit initial
condition? {Iiy(0), Lrec(0)} = {12, I }. Then, the design
procedure involves the following:

1) consider Ly (t), Iyec(t), Vs (t), and Vi (t) as mathemat-

ical functions of the six unknowns Ly, Lyec, Ciny, Crecs
1nv’ and IIQeC;
2) impose the converter stationary condition by means of
mathematical constraints as
Liny (T) = Iy, Lree(T) = I}

invs rec? <Irec(t)>T = —Iout
(1a)

where (-) ;- stands for the average value in a period T', and
the achievement of ZVS and ZVDS conditions as

Vos (tSw) = 0, Vig(tSy) =0 (1b)

3) find the set of unknowns that ensures both (1a) and (1b).
The solution of the mathematical problem can be numerically
found with any mathematical tool, and ensures the optimal

!Indeed, the design procedure in [17] is slightly more complex and introduces
a normalization with respect to switching frequency, and output voltage and
current. For the sake of simplicity, we do not consider any normalization here.
2In [17], it has been shown that, by properly setting the time origin, system
evolution in a single period is dependent only on the two initial currents 7

mv
and IO,
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class-E operation once the converter works in stationary con-
ditions. In fact, the first two equations in (la) require that the
state of the converter at the end of the period is equal to the
initial one, while the last is needed to ensure a constant V,: if
the average value of o (t) is —Iout, the average current on C',
in a clock period is zero, so that only negligible ripple variations
on V,, are allowed. Finally, (1b) impose that both Vpg(t) and
its first derivative are zero for t = tQN.

From a mathematical point of view, this a system of five
equations in six unknowns. As a result, one unknown can be
used as an additional degree of freedom. A convenient choice is
to fix L, according to the available transformer, and exploit the
five equations to compute the remaining five quantities. A design
example that follows this approach is provided at the beginning
of Section V.

IV. PROPOSED COMMUNICATION TECHNIQUE

The idea grounding the proposed communication technique
relies on the simple observation that changing one circuit pa-
rameter at the secondary side of the converter may result in
an appreciable (and thus, easily detectable) modification of the
waveforms at the primary side. Similarly, changes in voltages
and currents at the secondary side occur due to a change in the
circuit parameters at the primary side. For example, if one allows
C'ec to change between two values, two Vpg(t) with different
shapes are observed.

This intuition can be exploited to introduce backward/forward
communication under the assumptions that: 1) the introduced
changes are easily detectable; 2) the converter behavior is still
the desired one (at least, on average). The keypoint of this article
is that, by means of the procedure introduced in [17], we can
design the circuit in a way that is accurate enough to satisfy
both requirements. To ease reception of the transmitted bits,
detection of changes in voltage waveforms is the most natural
choice. As such, the prime candidates are Vps(t) when con-
sidering a backward communication, and Vi (¢) for a forward
communication.

In the following, with the notation ‘s’, we will refer to a
symbol or a sequence s transmitted backward, and with ‘s’
to a symbol or sequence s transmitted forward. We also refer
with V5" (t) and VD“gf (t) to the Vps(t) waveform which one
observes when ‘s’ and ‘s’ f, respectively, are sent, and use a
similar notation for all other quantities.

A. Circuit Description

The circuit we propose is depicted in Fig. 3. With respect to the

schematic of Fig. 2(a), there are the following three differences.

1) A diode is added in parallel to the main MOS switch. We
refer to it as the body diode, as it could simply be the
intrinsic diode of the discrete MOS switch. Note that this
was not considered either in [17] or in Fig. 2(a), since a
proper design guarantees that it never turns on.

2) Capacitor Ciyo is added to the circuit, and an additional
MOS (modeled as an ideal switch for the sake of simplic-
ity) is used to connect it in parallel to Clyy1.

3) Capacitor Ciec2 is added to the circuit and can be con-
nected in parallel to Clecr.
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Fig. 3. Schematic of the proposed class-E resonant isolated converter capable

of embedded bidirectional communication.

In backward communication mode, C},,2 is always connected
to the circuit, while Cie.1 at each clock cycle, is connected
to or disconnected from the circuit depending on the bit to be
transmitted. We can simply imagine a system as in Fig. 3, where
the switch at the rectifier side is directly driven by the backward
data stream: the transmission of ‘1’ is achieved by connecting
Clec2, and the transmission of ‘0’;, by disconnecting it. The data
stream is encoded at the same frequency at which the converter
is operating. This allows us to transmit data at a rate equal to
1/T, that is expected to be very high as class-E converter are
usually designed to operate at a very high frequency.

Complementary, in forward communication mode, Cyeco iS
always connected to the circuit, while Cj,,,» at each clock cycle,
is connected to (transmission of ‘1’;) or disconnected from
(transmission of ‘0’ ) the circuit. Again, the transmitted data
rate is 1/7.

B. Updated Converter Mathematical Model

The effect of introducing the body diode is limited, since it
turns on only if Vps(#) reaches the threshold voltage —VSN. In
the converter model, we simply consider that turning the diode
on is almost equivalent to turning the MOS on, with the only
difference that Vps(t) = —VEN when the diode is on, while
Vps(t) = 0 if the MOS is on.

Conversely, the introduction of Cleco and Ci,yo imposes a
major change. Let us consider the two time-varying capacitances
Crec(t) and Ciy,y (t) defined as the instantaneous value of the
capacitance connected to the anode—cathode and source—drain
junctions. According to the transmission scheme described
above, when communicating backward we have

C’inv (t) - C’invl + C'inv2

Crect when transmitting ‘0’

Crec (t) -

Crec1 + Creco  when transmitting ‘17,
and when communicating forward we have

Cinvi when transmitting ‘0’

Ciny (1) =
w Cinvi + Cinv2  When transmitting ‘1’ ¢

Crec (t) = C'recl + Crec2~

Let also assume that synchronization in the circuit is such
that Ciec(t) and Cipny(t) can change their values only when
the rectifying diode is on, or when the main MOS switch
is on, respectively. This assumption allows us to consider,



5308

independently of the real switching instant, an equivalent system
where Cyec(t) and Ciyy (t) are constant in the whole ¢ € [0, T,
and therefore to use the same expressions for [iny (t), Trec(t),
Vbs(t), and Vika(t) as in Section III-A. In fact, referring to a
backward communication (the situation is similar for forward
communication), we can observe from Fig. 2(b) that at the initial
time ¢ = 0 the rectifying diode is on, and turns off at ¢ = ¢tFF. At
t = tON, it turns on, and stays on up to ¢ = 7. If C.(t) cannot
changeint € [t t2N], and since outside this interval its value
has no influence on the circuit (it is shorted by the rectifying
diode), the circuit evolution is the same as in the system, where
Clec(t) is constant in the whole ¢ € [0, T7.

So, without loss of generality, we can consider that both
Chec(t) and Cipy (t) can change only immediately before ¢ = 0,
and that the expression found in [17] for voltages and currents
can still be used considering that the value of the two capaci-
tances is given by Cyec(0) and Ciyy (0).

C. Main Changes in the Converter Behavior

Enabling communication as schematized in Fig. 3 results
in a few important changes in the converter behavior. For the
sake of simplicity, we focus in this section on the backward
communication only, and consider to transmit a symbol (or a
sequence) ‘s’y. Similar considerations hold when transmitting
forward a symbol (or a sequence) ‘s’ ;.

The main changes can summarize as follows.

1) Let us assume to transmit a bit ‘s’ starting from the
circuit initial condition {1,%*(0), I,5*(0)}. Two different
evolutions for ¢ € [0, 7] can be observed according to s’y
namely, we get 1,1 (1), L1 (1), Vs (1), and Veh* (1)
when sending ‘17,. We get I,°.* (t), 1,90 (t), Vipa *(t), and
Vi® (t) when ‘0 is transmitted.

2) The two different evolutions lead to 1) a different perfor-
mance in terms of ZVS and ZVDS that clearly cannot be
ensured anymore for both cases; 2) two different sets of
turn ON and OFF instants for the rectifying diode, that we
indicate with t2N-"1'e and t&F"1v | and with t2¥'0¢ and
tOFF 0% 3) two different values of the current delivered
to the 10ad i.e., two different values of (1,1 (¢ )>T and
(L3 (1) -

3) A stationary condition does not anymore exist, since
the system ends for ¢t =T into two possible states
{LL0(T), LL ()} or {L00(T), 10 (T)}, that it is not
possible to make identical to the each other.

While additional details will be provided when considering
separately the backward and the forward communication, it is
here enough to highlight that the above changes have a twofold
consequence. On the one hand, (1a) and (1b) cannot be verified at
the same time for both for “1’; and ‘0’;, so anew design approach
is required. On the other hand, it is not anymore convenient to
consider the evolution in a single clock period.

To cope with the latter observation, let us extend the approach
in [17] to the case of multiple clock periods as follows. Let us
refer to a n-period time, in which we are transmitting the se-
quence ‘s’ starting from an initial condition { I, " (0), 1,5 (0) }.
For t € [0,T], one can compute the evolution of the converter

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 5, MAY 2020

assuming that the values of two resonant capacitance are Clc (0)
and Cj,,y (0). Hence, the state of the system for ¢ = 7" can be used
as initial condition for computing the evolution of the converter
for ¢ € [T, 2T] along with the values of Ci,y(T) and Cyec(T).
The state at ¢ = 27" is then used as initial condition for the third
time period ¢ € [2T", 3T along with the values of C},, (27") and
Crec(2T), and so on.

In this way, one can easily construct step-by-step the wave-
forms L5 (t), [,52 (1), Vs " (t), and Vi (t) for t € [0, nT).
Of course, these waveforms depend on the sequence ‘s’;. As
an example, for n = 2, up to four different evolutions, with
final states {11 (27), I.1Vv (21}, {1,100 (2T), I.19 (2T},

mv ’rec mv ’ T rec
{10V (21), 1.9V (2T}, 0r { 1,20 (2T'), 1,99 (2T") } can be ob-

’rec mv ’rec
served. For a generic value of n, there may be 2" different evolu-
tions, with 2" final states, and 2" different values of (I ec(t)) -

In conclusion, while communicating, many issues have to be

considered. Two of them are related to the following sequence
‘S’b.

1) The converter is wandering through a succession of differ-
entstates { I,° " (kT), 1,5 (kT)}, k = 1...n, that depend
on all previously transmitted symbols, possibly without
any periodicity. In strict sense, there is a memory effect in
the circuit evolution. Even if it is reasonable to consider
that this effect is limited (e.g., to a certain number of
previous symbols), taking it into account is fundamental
in the design of the system.

2) The current delivered to the load depends weakly on the
converter state and strongly on the transmitted symbol.
In other words, the effect of the transmitted symbol is
stronger with respect to the memory effect. This will be
clarified in the following.

To cope with the two above issues, it is necessary that the

transmitted sequence has the following properties.
1) Symbols “1” and “0” are required to be balanced, to
allow the converter to work in a sort of metastable
state that is intermediate between all different states
{152 (KT), 15> (KT)}. Long sequences of “1” and “0”
cannot be transmitted to avoid that the converter state
moves away from this metastable point.
2) symbols “1” and “0” are required to be equiprobable, in
order to set to output current to an intermediate value be-
tween that delivered when sending ‘1’; and when sending
‘0’p, making it in this way almost independent of ‘s’.
Note that the same requirements apply to almost any asyn-
chronous communication scheme, and many coding techniques
have been developed so far to solve these issues [18].

In the following, some details on the backward and the
forward communication will be provided, while the complete
design approach will be introduced in Section V.

D. Backward Communication

Let us consider a reference value Clqcq for Cy. as that used
to generate the waveforms of Fig. 2(b). We aim at designing
a system, where Cyec1 and Cheea are such that Clec(t) is in-
creased to Crec1 + Crecz > Creco When transmitting a ‘1°y, thus
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Fig. 4. (a) Intuitive working principle of the backward communication: VDS ® (t) is always positive with VDO b (tON ) = Vi, > 0, while VDS (¢) turns the body

diode on at the time tON” < tON (b) Two different groups of Vpgs(¢) in a realistic situation where memory effect has been considered. Such a system must be

characterized by its worst-case conditions given by the latest body diode turn ON time th”

and by the lowest value VI\?Z reached by Vpg (tON) (c) The two different

groups of Iyec(t) (solid lines) along with their mean value (dotted lines) in a realistic situation where memory effect has been considered. The solid dark line is

the average value of the mean values.

resulting in a slower response. Conversely, Cye.(t) is lowered to
Crec1 < Checo When transmitting a ‘0’;, with a faster response.

This has effects on both Vpg(t) and Vika(t). We are not
interested in the latter, even if easily detectable (in particular by
means of a difference between the t2¥: "1’ and the t2N+'0"), since
in a backward communication we need to find evidences of the
transmitted symbol at the primary side. The effect on Vps(t) is
intuitively explained in Fig. 4(a). In the system designed to have
a slower response, VDS (t) reaches a negative level and turns the
body diode on at t = t5* < tQN. In the system with a faster re-
sponse, Vs * (t) is always positive, with V2 * (t9%) = Vit, > 0.
Accordingly, the transmission of ‘1’; or ‘0’; can be identified
by a simple level crossing detection circuit at the Vps(t) node.

The drawback is that ZVS/ZVDS as defined by (1b) are no
longer reached for none of the two configurations corresponding
to the transmission of ‘1’ or ‘0’;.3 This is tolerable assuming
that both VE?N and Vyj, are small, so that the converter enjoys
quasi-ZVS condition.

A more realistic situation that keeps into account also the
memory effect is considered in Fig. 4(b). Starting from the same
initial condition, we have considered a system transmitting all
24 = 16 possible sequences ‘s’ composed of 4 b. The plot
shows Vps(t) observed in the last clock period. All waveforms
can be easily divided into two groups. The first one is composed
of the Vps(t) associated to all sequences ending with symbol
1. We refer to this group as V5! (t). The second group
is associated to sequences ending with symbol 0, referred to
as Vpgo™'* (t). The two groups are easily distinguishable, thus
showing that the transmitted bit can be identified despite the
memory effect. The only difference with respect to the simple
case of Fig. 4(a) is that the detectability conditions should be set
according to the worst-case. To this aim, let us define %, B ® as the

3Theoretically, the communication mechanism can be designed in a way that
one of the two waveforms of Fig. 4(a) features perfect ZVS/ZVDS. It will be
clear when considering the memory effect why this is not useful from a practical
point of view.

latest time for which all possible Vg™ * (¢) turn the body diode
on, and Vl\?z the lowest value of all possible V50 (19N), as
indicated in Fig. 4(b). Being able to set an upper bound on thl’
and a lower bound on ‘A/I\*I’Z is equivalent to set the detectability
condition for backward communication.

Finally, in Fig. 4(c), we have plotted the two groups of signals
120Ve(t) and 1,20t (t) (solid lines), along with their mean
value (I ec(t)), in the period (dashed lines). Each waveform
has a different mean value, with small differences among curves
belonging to the same group, and large differences between
curves belonging to different groups. The average value of all
current mean values over a period has also been plotted as a solid,
dark line. It is clear from the figure that the output current, that
is given by the average value of I,..(t), is strongly dependent
on the currently transmitted symbol, and weakly on previous

symbols (i.e., due to the memory effect of the system).

E. Forward Communication

Similarly to the previous case, while forward transmitting a
sequence ‘s’ y, consequences on all waveforms can be observed,
and thus on ZVS and ZVDS performance, output current value,
and rectifying diode turn ON and OFF instants.

In this setting, we need to ensure (at least) quasi-ZVS at
the primary side, and to find a measurable evidence of the
transmitted symbol at the secondary side. The difference be-
tween the (slower) group of signals Ve (t) and the (faster)
group of waveforms VKA 0 (t) characterizing the forward
communication in a setting similar to that considered in the
previous case (i.e., all 16 possible sequences ‘s’ composed
of 4 b are considered starting from the same initial condition to
highlight the memory effect) can be observed in Fig. 5(a). All

V‘xxxl’f( ) present a nonneg]igib]e phase ]ag with respect to

KA
any V.U (1), Let us focus on 19N defined as the time instant

when the rectifying diode turns ON (i.e., Via (t) reaches —VN).
The observed values of tON for all Vi ™"/ (t) are very similar
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ka  (t)in arealistic forward communication situation, where memory effect is taken into account. The

e . . —ON,‘I’ . . —ON, 0’ .
former group present a rectifying turn ON diode almost constant and approximately equal to £, £ while the latter approximately equal to ¢ f (b By looking

at the time Té between two consecutive rectifying diode turn ON time instants it is possible to easily determine if the transmitted symbol is equal or different with

respect to the former one.

ZON,1° . -
to the average value 7., '~ 7, and can be approximated with it.

iS(i)II\Ill‘(i)l,a;rly, we can approximate the t%" for all VK‘)I:XXO,f (t) with
D . .

Even if the difference Af%Nf = f%N’ Ve _ f%N’ U1 s large,
the direct measure of t%Y, i.e., of the phase of Via(t), is not a
good sensing strategy, mainly due to a lack of a reference time
instant.*

A solution is to adopt a differential sensing strategy. To do so,
let us define 7'/, as the time between two consecutive rectifying
diode turn ON instants. Assuming that two ‘1’ are transmitted,

the first instant when the diode turn on is approximately Z%N"l !,

while the second one is approximately 7" + f%N"l’f ,with T ~

T'. Conversely, transmitting ‘1’ s as the first symbol, and ‘0’ as

the second one, leads to two turn ON instants approximately equal
ZON,‘1°¢ ZONjO'f . 5 ZON;

tot, and T + ¢ ,with T} ~ T — At /. When con-

sidering all possible combinations, we have

T when sending sequence ‘11’ ¢

T - AE%Nf when sending sequence ‘10’ ¢
T} ~
D ON/

T + Aty " when sending sequence ‘01’

T when sending sequence ‘00’ f.

An example is depicted in Fig. 5(b), showing the T’} for wave-
forms in a system transmitting all 24 = 16 possible sequences
‘s’ composed of 4 b.

In conclusion, when TDf is similar to 7°, then the transmitted
symbol is the same as the previous one. When instead T}/ is
either shorter or longer enough with respect to 7', the transmitted
symbol has changed with respect to the previous one. The
detectability of this approach is ensured if we are able to set

a lower bound on ATy

4Note, in fact, that the clock Vek (t) (and so, the zero reference time for
the period) is not available at the secondary side, and recovering it may be
complicated.

Even if not shown here, the situation for ;¢ (t) is very similar
to that depicted in Fig. 4(c), with small differences among
curves where the last transmitted symbol is the same, and large
differences between curves where the last transmitted symbol is
different.

F. Bidirectional Communication

A half-duplex bidirectional communication system can be
easily obtained by merging the two design procedures for back-
ward and forward communication. In particular, one should
consider all detectability requirements coming both from the
backward communication (such as an upper bound for th” and
a lower bound for VI\?Z) and from the forward communication

(lower bound for Af%Nf ).

V. DESIGN EXAMPLE

As a proof-of-concept of the methodology discussed in the
previous section, we consider the design of a 5 V-to-5 V class-E
isolated converter (Vi, =5V, Voue = 5 V) with bidirectional
communication capabilities and an output power Py,;y =1.2 W.
The resonant converter is designed to operate at a 1 MHz
frequency, with a data rate of 1 Mbit/s.

To ease the selection of passive components, we fix L, =
8.5 nH, since this is the inductance at the primary side of a
commercial WE-FLEX transformer by Wiirth Elektronik. In a
1 : 1 turns ratio configuration, this transformer has a coupling
coefficient ~0.98 and quality factor ~45. We also consider
Murata wire-wound chip inductors whose quality factor (in
the pH, range and around 1 MHz frequency) is ~50, and we
assume ideal capacitors.5 Furthermore, we use a IRLMLO030TR
N-MOS transistor by international rectifier as main MOS switch.
It has an ON-resistance ~0.04€2 and a body diode forward voltage

3Ceramic capacitors with COG dielectric ensure extremely high performance
(quality factor > 1000) so that they can be assumed ideal.
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Results of a SPICE simulation of the proposed class-E resonant converter with embedded communication capabilities, showing both Vips (¢) and Vka (¢) in

backward and forward communication mode. In both cases, the transmitted sequence is the periodic repetition of (4). (a) Chunk (5 ps) of backward communication

featuring ‘00010’p; and (b): chunk (5 ps) of forward communication featuring ‘01011’ ¢, and generating Tg ~{T + Af%Nf T — Af%Nf , T+ Af%

VN 2 0.7 V. The rectifying diode is a ES1B by Vishay, with
VN 2 0.7 V and a ON-resistance ~0.3€).

A. Design of the Canonical Converter

Given the above specifications, and according to the procedure
described in Section III-A, the design of a canonical class-E
converter (i.e., without communication capability) is achieved
by considering the associated mathematical problem where (1a)
and (1b) are the five equations to be solved, and I, IY.,
Lrec, Ciny, and Che. the five unknown variables. The solution
is given by Lo = 3.3 pH, C},, = 6.3 nF, and C},. = 5.3 nF.
Waveforms of Fig. 2(b) correspond to this design.

B. Design of the Converter With Communication Capability

The design we propose to enable communication capability in
a converter with the specifications reported at the beginning of
the sectionis L. = 3.3 pH (identical to the canonical converter
of the previous subsection), Ciyy1 = 4.7 nF, Cjnyo =1.3 nF,
Crec1 = 4.4 nF, and Cleco = 1.6 nF. A SPICE simulation of this
design showing Vps () and Vi (¢) both in the case of backward
and forward communication and relying on a realistic model
for the MOS and the rectifying diode is shown in Fig. 6. Note
that Vps(t), in backward communication mode, always features
quasi-ZVS as in Section IV-D. In forward communication mode,
being Crec = Crec1 + Creca, Vbs(t) always reaches a negative
level and turns on the body diode, thus featuring quasi-ZVS also
in this case.

This design was obtained as the solution of a properly mod-
ified version of the mathematical problem of Section III-A as
described in the following.

According to Section IV-C, since a stationary condition is not
existing anymore, the only possibility we have to is to rely the
circuit design on the converter average behavior.

N Ty

In detail, let us first focus on backward communication, and
consider the system transmitting the n-length sequence ‘s’
starting from the initial condition {1, (0), 1,5 (0)}, with n
long enough. Let also assume that this sequence is characteristic
of any other possible realistic sequence of any length, i.e., that
it has the same statistical features of any possible sequence to
be transmitted. Hence, we can base the design of the converter
on ‘s’y.

In other words, we are considering that the system is transmit-
ting ‘s’ in a ciclostationary condition, so that we can replace
(1a) with

L2 (nT) = 132 (0),

inv inv

L3 (nT) = L32(0), (132 (), - = —Iout-

rec rec rec

@)

The first two equations in (2) impose that the initial state of the
system has to be the same after the transmission of sequence
‘s’p, whereas the last one ensures that the zero-average current
condition on C, is verified only after the transmission of all n
symbols of ‘s’;.

In forward communication mode we can proceed in the same
way. In this case, we are assuming that the system initial condi-
tion is given by {1 i‘i;f (0), I3 (0)}, and that we have a sequence
‘s’ that is characteristic for any possible real sequence. The
ciclostationary condition is expressed as follows:

Lo/ (nT) = I3/ (0),

inv inv

L5/ (nT) = L5 (0), <1;z;f (t)}nT )

A good candidate for ‘s’ and ‘s’ ¢ to be representative for all
realistic sequences is

1101010000100101100111110001101. “4)

A first argument supporting this statement is as follows. An
additional argument will be mentioned in Section V-C.
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Sequence (4) is coming from the Fibonacci implementation
of the maximum-length linear-feedback shift register (LFSR) of
width £ = 5, and whose length is n = 2¢ — 1 = 31 b. The peri-
odic repetition of a sequence from a maximum-length LFSR has
two interesting properties: 1) ‘0’ and ‘1’ are (almost) balanced;®
and 2) all different subsequences of length ¢ (excluding one, in
this case ‘00000’) can be found.

In conclusion, using the proposed sequence allows an easy and
fast way to (almost) exhaustively investigate the response of the
system to any sequence of length ¢ = 5, which is important since,
experimentally, the memory effect is negligible after this length.
Furthermore, being this sequence balanced, the output power
generated by the converter can be considered representative for
any balanced sequences.

Once ‘s’ and ‘s’ ; are chosen, it is possible to compute in
an analytic way the evolution of the system (i.e., to get analytic
expressions for Vps(t), Vka(t), Liny(t), and Ie.(t)) and to use
it for translating the design of the converter operating in a
ciclostationary condition in a way similar to that considered for
the design of standard converter. From a mathematical point of
view, the design problem described so far has ten unknowns, i.e.,

150 (0), 122 (0), 1/ (0), Led (0)

Lp, Lreca Cinvl, CinVQa Crecb Crec2-

In terms of equations, three are given by (2) to ensure the ciclo-
stationary condition for backward communication, three by (3)
to ensure the ciclostationary condition for forward communica-
tion, and other three by the worst-case detectability conditions,
that we set to

Vi, =07V, 9% — i =25ms, AIDY =30ns  (5)

which results to nine equations overall.

As in the canonical design, there is therefore a degree of
freedom, that can we conveniently use to set L. The design
proposed at the beginning of this section corresponds to the set
of parameters satisfying all mentioned constraints.

C. Verification of the Proposed Design

In addition to the argument given above, we can now verify
the assumption that the behavior when transmitting the periodic
repetition of sequence (4) is effectively representative for more
complex and realistic cases. To do so, we consider here two
approaches.

The results of the first approach are shown in Fig. 7, where
the two scatter plots represent, separately for the backward (top
plot) and forward (bottom plot) communication, the comparison
between: 1) the n = 31 circuit states {Iliny(kT), Irec(KT)},
k=0...,n—1 that characterize the circuit behavior when
transmitting the periodic repetition of (4) (large, orange dots);
and 2) the n = 1000 states that have been observed when trans-
mitting a random nonperiodic sequence (small, blue dots).

Both sets of points roughly identify the same area, showing
that even when considering a more complex sequence the state
of the converter does not leave the area identified by using (4).

%Being n = 2¢ — 1 an odd number, a perfect balancing is not possible for any
value of £.
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Fig.7. Comparison between the n = 31 circuitstates { Iy (kT), Irec (KT)},

k=0...,n—1 characterizing the circuit behavior when transmitting the
periodic repetition of (4) (large, orange dots), and the n = 1000 achieved by a
random sequence (small, blue dots). (a) Backward communication. (b) Forward
communication.
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Fig. 8.
munication mode. (a) t%Nb while transmitting ‘1°5; and (b) Vps (tg\l,\f,) while

transmitting ‘0’p. The shaded areas indicate the thresholds for an erroneous
decoding.

This allows us to expect, in a realistic situation, detectability
conditions well approximated by that in (5), and confirms the
validity of the approximated design procedure.

As a second approach, we recall that, in backward commu-
nication, an error is generated if the body diode turns on when
sending ‘17, or if the body diode does not turn ON when sending
‘0’p. In Fig. 8, we have plotted the frequencies of the t%Nb and

of the Vps (t9) observed in a very long (about 80 x 103 clock
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Fig. 9. Observed frequencies of TDf — T in forward communication mode

according to transmitted bits. The time axis is not in scale to allow the three
distributions to be clearly visible.

periods) simulation of the developed model when transmitting
‘1’p and ‘0, respectively. Even if it is hard to use these distri-
butions to extrapolate a value for the bit error rate (BER), it is
clear that frequencies are very rapidly decreasing to zero when
approaching the two thresholds that, once reached, will generate
an error (the shaded area in the plots). In other words, given the
rapid decay of the distribution to zero before the error threshold,
it is reasonable to assume that the system will have a very low
BER, which is consistent with the fact that no error occurred in
the simulation.

Conversely, in forward communication mode, the TIG has
the three expected values T', T — Af%Nf cand T + Af%Nf LA
possible solution to identify to what category the 7'/, belongs to

is to compare it with the two thresholds 7" + Af%Nf /2.

In Fig. 9, we have plotted the frequencies of the 7'} observed
when the last transmitted symbols are ‘10’ (expected value
T - Af%Nf), are ‘11’ y or *00’ y (expected value T'), or are ‘01 ¢
(expected value T' — AZ%Nf ).

These distributions are pretty far from the each other (the time
axis in Fig. 9 is not in scale to allow the three distributions to be
visible), suggesting once again a negligible error probability.

VI. PROTOTYPE AND EXPERIMENTAL RESULTS

A prototype of the class-E converter described in Section V
has been fabricated and tested. Fig. 10 shows the photograph
of our circuit while connected to the two (clearly visible in the
figure) EK-TM4C123GXL evaluation boards, one at the primary
side and the other at the secondary side of the transformer,
and used to generate all time reference signals and to control
the communication. Each of these boards, developed by Texas
Instruments [31], embeds a low-power low-cost ARM Cortex-
MA4F TM4C123GH6PMI microcontroller. The main clock sig-
nal generated by the ARM microcontroller is fed into a Texas
Instruments LM5112 gate driver, whose output is connected to
the IRLMLOO30TR N-MOS transistor. The additional capacitors
Cinvo and Cieco are connected to two small 2N7002 N-MOS
switches, that are driven directly by an output pin of the ARM
device.
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Fig. 10.  Prototype photograph, clearly showing the isolation transformer and
the two EK-TM4C123GXL boards.

Trigger Display Curso Math  Analy Help

OFF
tsw

Lecfoy )

Fig. 11. Eye-diagram of the Vpg(¢) in backward communication mode.

The prototype features two additional isolated communica-
tion channels using optocouplers, which are used to generate re-
liable communication channels for BER computation purposes.
The prototype also includes a simple sensing circuitry to detect
the transmitted bit both at the primary and secondary side, as
described in the following.

A. Backward Communication

The eye diagram of Vpg(¢) measured while backward trans-
mitting a pseudorandom stream is shown in Fig 11. From the
figure, it is possible to see that the achieved detectability condi-
tions approximately match that imposed by (5).

The circuit used for detecting the transmitted bit is schema-
tized in Fig. 12(a). The Vps (t) (ranging from —VEN ~ —0.7 Vto
about 15 V) is first processed by a clamping circuit with a twofold
purpose: 1) when Vps(t) > Vi, the bipolar junction transistor
(BJT)is in forward active region, with VDCéamp (t) ~ Vin;2) when
Vbs(t) < Vi, the base-collector junction of the BIT is forward
biased, with Vi5s™ (£) ~ Vis () + VSN, This allows Vg™ ()
to be in a suitable range (approximately Vi (t) € [0, Vi,]) for
being safely input to an analog comparator, and to be compared
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with a threshold voltage V4. The output of the comparator is
then triggered at the rising edge of Vi (¢) by a standard flip—flop,
whose output is the recovered transmitted symbol.

An example of the detection process can be observed in
Fig. 12(b). The figure shows, from top to bottom, Vck (¢), Vs (),
ViEE™ (1), and the recovered symbol. The figure also shows Vi,
as the dashed-dotted cursor line. In order to allow a correct
recovery, it should be Vi3 — VN < Viy, < Vi9Y 4 V. In the
prototype, we set Vi, ~ 1.2 V. With this value, a correct recovery
has been always ensured, and no transmission errors have been
recorded in several hours of circuit testing.

B. Forward Communication

The eye diagram of Vka (t) measured while forward transmit-
ting a pseudorandom stream is shown in Fig 13. According to the
figure, the obtained AZ%Nf well matches the one imposed by (5).

The circuit used at the secondary side of the converter to
generate the recovered clock signal V& (¢) is schematized in
Fig. 14(a). The Vka(t) is first processed by a clamping circuit
similar to that in Fig. 12(a), to get a signal V"™ (¢) that is
approximately in the range [0, V,¢]. The signal is then squared
off by a digital inverter to get V&£ (¢).

The purpose of the recovered clock is twofold: 1) it is used
as reference timing signal for synchronizing symbols trans-
mission/reception at the secondary side’ (where Vek (t) is not
available); 2) it is used to measure the TB as the time between
two rising edges of V& (¢) in forward communication mode.

An example of the clock recovering process is depicted in
Fig. 14(b). In the figure, from top to bottom, we show Vck ()
(available only at the primary side), Via(t), Igfmp(t), and the
recovered clock V¢(t). The time between two rising edges
of the recovered clock is the 7'/, according to its definition in
Section IV-E.

Due to hardware limitations of the timing peripherals embed-
ded into the ARM processor of the EK-TM4C123GXL boards,
we rely on the detection of forward transmitted symbols to a sim-
ple asynchronous circuit whose working principle is illustrated
in Fig. 15. Two delay circuits, with delays 7, and 75 and such that
T — AZ%Nf <m<T<m<T+ Af%Nf , feed two flip—flops,
from whose output one can identify the value of T’/ In fact, as
shown also in Fig. 15, when T} ~ T — AZ%Nf thanks to the
choice of 7 and 75, we get Q1Q2 = ‘11°. Similarly, Q1 Q2 =
‘01" or Q1Q2 = ‘00" when T, ~ T or T = T + Af%Nf. By
setting 71 ~ T'—15 ns and 5 ~ T'+15 ns, a correct recovery is
always ensured and no transmission errors have been recorded
in several hours of circuit testing.

C. Application Example: ON—-OFF Control

In order to provide a possible application for the proposed
communication approach, we have implemented an ON—OFF
control to set the output voltage to 5 V.

"The V&£ (t) recovered in this very simple way presents a duty cycle and a
phase lag that are different at each clock cycle, as visible in Fig. 14(b). Indeed, this
is enough if the purpose of this clock is only to synchronize the communication
process.
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Fig. 12.  (a) Circuit used at the primary side of the converter for detecting the

transmitted symbol in backward communication mode. (b) Example of recov-
ering the transmitted symbol. From top to bottom: Vck (), Vps(t), V];lsamp (t)
along with Viy,, and finally the recovered symbol (high level is ‘1°;, low level

is “07p).
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Fig. 13. Eye-diagram of the Vka (¢) in forward communication mode.

The working principle is very easy. All timings, including the
clock, the length of time period in which the converter is enabled
(i.e., the clock is turned on), and the length of the time period
in which it is disabled (clock turned off), are set by the timing
module of the ARM controller at the primary side. However,
the regulation algorithm is run on the ARM controller at the
secondary side as follows.

First, the output voltage is read and converted into a digital
word by means of the analog-to-digital converter (ADC)
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Fig. 14.  (a) Circuit used at the secondary side of the converter for recovering
the system clock. (b) Example of clock recovering at the secondary side of
the converter. From top to bottom: Vck (¢) (available only at the primary side),

Via (1), VEX™P (¢), and finally the recovered clock VES(t).

Vl'eC(t)
“ T D, Qi< RX is ‘11’ when Th=T-AFS™
delay line '01' when Th=T
‘00" when TH~T+AES™
12 D, Qy
delay line
gy i
Véﬁc(t) ? 0’ 00’
L TAfgv T T+ATQ™

DOy [
D,(t) 12

‘T’...._—‘—,—\——

Fig. 15.  Schematic and working principle of the simple asynchronous circuit
used for the detection of forward transmitted symbols.

embedded in the ARM. Then, the resulting value is compared
with a reference one. If the output voltage is too high, then the
processor increases the value of the ON—OFF duty cycle with
respect to the actual one, while decreases it if the output voltage
is too low. The desired value of the duty cycle is sent backward
to the primary side.

The ARM controller at the primary side reads the desired
value of the ON—OFF duty cycle, and updates the internal registers
of the timing module. Of course, communication is possible
only in the ON state, and requires a complex synchronization
mechanism whose description is out of the scope of this example.
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Fig. 16.  Waveforms of the resonant converter in ON—OFF operating mode.

Without entering into details, as soon as the converter is turned
ON, the secondary side wakes up the transmission module, and
sends the updated value of the desired ON—OFF duty cycle. The
primary side reads the value, but can apply it only after the
successive turn ON event, with a delay that in our prototype is in
the order of fractions of ms. Since the bandwidth of our converter
is limited, this is not an issue. Note that enabling the backward
communication is enough to implement this example.

Fig. 16 shows the converter operating in this mode. The two
waveforms plotted in the figure are V,,,(, that is regulated to the
desired value of 5V, and Vpg(t), from which it is possible to see
both the backward communication and the ON—OFF modulation
with a duty cycle of about 40%.

VII. PERFORMANCE-RELIABILITY TRADEOFF

In the designed prototype, no transmission errors have been
recorded either in forward or in backward communication mode.
Indeed, the detectability conditions in (5) have been set to very
conservative values, thus ensuring a pretty easy recovery of the
transmitted bit.

It is intuitive that by lowering the values of VI\?Z, N

and AZ%Nf , the detection of transmitted symbols would be more
difficult, and transmission errors may arise. The system would
also become more sensitive to the tolerance of the elements
of the circuit, whose variations modify in a random way all
the detectability conditions. However, there would be also a
positive effect, since the converter working point would be more
similar to that of a converter operating according to the optimal
class-E conditions, and so also performance. In other words,
the proposed communication scheme comes at the cost of a
reduction in converter performance. This degradation depends
on the detectability conditions, and plays a role similar to the
Ey /Ny in a standard communication scheme.

A complete evaluation of the tradeoff between performance
and communication reliability would be extremely complex,
and is out of the scope of this article. Yet, we provide here
some comparison between results obtained by the simulation
of the canonical class-E converter of Fig. 2(a) and the proposed

_ o
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converter of Fig. 3. We prefer to propose results based on circuit
simulation since by comparing the design of Section V-A and
that of Section V-B, it is clear that once a prototype has been
designed for communicating, it is not possible to disable the
communication module and allow it to operate as a conven-
tional converter. Hence, comparing performance of two different
prototypes would result unfair, in particular, if the differences
are expected to be small. Note, however, that a simulation-based
comparison is not impairing the reliability of the result. In fact, it
has already been shown in [17] that the nonidealities considered
in the design model allows a pretty good matching between
expected and measured performances.

The first aspect we consider is the converter efficiency. The
converter designed to operate at the optimum class-E working
point has a 75.4% efficiency. Almost all the wasted energy is
dissipated by the rectifying diode (46.6% of losses), while the
energy dissipated by the MOS switch is only the 4.6% of the
wasted energy. In backward communication mode, the converter
efficiency is equal to 74.3%. Again, almost all of the wasted
energy (44.3% of the losses) is dissipated by the rectifying diode,
while the energy dissipated by the MOS, thanks to the quasi-
ZVS, is only slightly increased with respect to the reference case
(5.0% of the losses). The efficiency in forward communication
mode is 73.0%, that is lower with respect to the previous cases.
This is mainly due to the fact the body diode always turns on,
sometimes for long periods of time, and this is actually the worst
condition. Wasted energy is still dominated by the rectifying
diode (41.3% of losses), but that dissipated by the MOS grows
0 6.7%.%

A difference even smaller is observed in the output voltage
ripple. When using a 10 pF, capacitance as output filter with
a 25 m{2 equivalent series resistance, we get an rms value of
12.57 mV for the output ripple. For the backward and forward
communication, the rms ripple slightly increases to 12.60 mV
and 13.11 mV, respectively. Such a tiny difference will be hardly
noted in a real measurement, and it is justified by the fact that
the e (t) is indeed dependent on the transmitted symbol, but
the observed variations are small.

As a final performance comparison, we consider the electro—
magnetic interference (EMI) of the prototype by comparing the
magnitude spectrum of the two currents I, and I,.. flowing
into the inductance L, and the transformer, which are the main
sources of EMI emissions. Fig. 17(a) refers to the canonical
class-E case, whereas Fig. 17(b) to the backward communica-
tion and Fig. 17(c) to the forward communication. All spectra
have been computed with a 10 kHz resolution using a uniform
window, and markers have been placed at all harmonics of the
switching frequency. By comparing the plots, we can say that
there is a negligible difference in the spectral components with
the highest power, given by the lowest harmonics of the switch-
ing frequency, that are slightly higher (small fractions of dB) in
the noncommunication case. However, in the neighborhood of
all harmonics, many low-energy components (whose magnitude
is about —40 dB with respect to the corresponding harmonic)

8Note that, for the sake of simplicity, in the computation of the efficiency the
energy required for driving the MOS switches has not been considered.
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Fig. 17. Comparison between spectrum magnitude of the two currents [j,y
and Iy in the three cases. (a) Standard converter with no communication ca-
pability. (b) Proposed converter during backward communication. (¢) Proposed
converter during forward communication. The 0 dB reference level corresponds
the magnitude of a sinusoidal tone whose rms amplitude is 1 A.

arise. This is indeed expected: with the communication we are
introducing a sort of random modulation into the considered
waveforms in a scenario very similar to that one can find in the
spread spectrum approach [32]-[37], where new spectral com-
ponents are intentionally introduced with the aim of reducing the
already existing ones. Since the modification of the Ij,, and I,
is very limited, also this effect is limited, and the EMI behavior
of the converter while communicating is expected to be almost
the same as that of the converter operating in the standard mode.

VIII. CONCLUSION

In this article, we have presented an innovative high-speed
bidirectional through-the-barrier communication methodology
for isolated class-E resonant converter. The proposed method-
ology is based on connecting and disconnecting an auxiliary
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capacitance, thus allowing the waveforms of the converter to
switch between a slow and a fast response mode, that is easy
detectable at the other side of the galvanic barrier. In this way, the
transformer used for transferring power from the primary to the
secondary side is used also to create the bidirectional data chan-
nel. The main advantage of the proposed methodology is that the
creation of the communication channel comes at no cost in terms
of limitation of the maximum transferred power that is the same
of astandard class-E converter. The methodology is supported by
measurements on a low-frequency proof-of-concept prototype.
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