
research paper

A high-speed buck converter for efficiency
enhancement of W-CDMA power amplifiers

falk haßler, frank ellinger, udo jo¤rges, robert wolf and bastian lindner

We present a design strategy for a buck converter, which fulfills the high dynamic requirements of efficient envelope amplifier
needed by modern efficiency enhancement techniques for power amplifiers. The proposed DC–DC converter has an innova-
tive control system, which makes it fast, robust, and resource saving. A mathematical model describes its dynamic behavior
and is used to find a setup, which gives an optimal compromise between the dynamic performance and efficiency. The
approach is applicable to various state-of-the-art communication standards. As an example, an envelope following (EF)
power amplifier (PA) for the wideband code-division-multiple-access (W-CDMA) modulation scheme is treated. The corre-
sponding buck converter is implemented in a monolithic chip (except the inductor and the capacitor of the output filter). The
measurements with an industry standard W-CDMA PA (RMPA2265) match very well with the forecast of the model and
confirm doubling of the average efficiency.
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I I N T R O D U C T I O N

Modern modulation schemes like wideband code-division
multiple access (W-CDMA) have very high requirements con-
cerning the linearity of the power amplifier (PA). Therefore, a
variety of efficient PA architectures, for example, class B–F
cannot be used due to their nonlinearities. The major draw-
back of the remaining architectures (classes A and AB) is a
very poor efficiency if they operate in back-off. Because of
the advanced output power regulation of state-of-the-art com-
munication systems the back-off operation is very likely.
Hence, the average efficiency of the PA is very low, which
leads to a high-power consumption. This behavior shortens
battery operation of the device and therefore limits the mobi-
lity of the user.

Several publications demonstrate different approaches to
overcome this problem. There are hybrid amplifier configur-
ations like Doherty amplifiers [1] and linear amplification
with nonlinear components (LINC) [2]. But the on-chip
realization of the required power divider and combiner is
difficult and very lossy. A class of systems, which is much
more attractive for a system-on-chip solution, modulates
the supply voltage of the PA. The Kahn envelope elimination
and restoration (EER) [3] technique divides the amplifier
input signal in a magnitude and a phase branch. The phase
is amplified with a high efficient but nonlinear PA. The
envelope of the output signal is adjusted by a DC–DC con-
verter, which is controlled by the magnitude branch and

modulates the PA supply voltage. A similar approach
creates the magnitude and phase information, which is
already in the digital base band and is called polar transmit-
ter [4]. The envelope following (EF) [4, 5] and envelope
tracking (ET) [4, 6] techniques use linear PAs in class A or
AB configuration. By modulating the supply voltage, the
amplifier always operates very close to saturation. Thereby,
its efficiency significantly increases. Whereas ET only
follows slow changes of the input signal envelope caused
by changing radio signal propagation conditions, EF also
enables fast changes through the modulation.

All these techniques, except ET, have one thing in
common: they need an efficient DC–DC converter with a
very high bandwidth to follow the fast changing envelope
signal. Hence, this work presents a systematic way to handle
this challenge. Thereto, an accurate system model has to be
developed. It is used to find the optimal configuration of the
proposed buck converter. To prove the correctness and the
feasibility of the theoretical part, a fully integrated (except
for the capacitor and the inductance of the output filter)
Complementary Metal Oxide Semiconductor (CMOS)
circuit is presented. The measurements, taken on the buck
converter and its application in an EF system with a
W-CDMA PA, verify the performance of the design and the
theoretical considerations.

I I S Y S T E M C O N S I D E R A T I O N S

The basis of the following analysis is the EF system depicted in
Fig. 1. A buck converter, controlled by the envelope of the
W-CDMA modulated RF input signal, is used to modulate
the supply voltage of a PA in class A or AB configuration.
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A) Buck converter
The majority of designs uses a pulse-width modulation
(PWM) generator in conjunction with a proportional–inte-
gral–derivative (PID) controller to control the converter
power switches [7, 8]. The behavior of this approach can be
easily characterized by the means of linear control theory.
The switching frequency is defined exactly through the fixed
period of the PWM signal. But an implementation with a
very high bandwidth is difficult due to the complexity of the
individual components. Hence, the straightforward and
robust sliding mode like control approach shown in Fig. 2 is
applied. Its dynamic behavior is characterized by the following
nonlinear delayed differential equation (DDE):

ẋ(t) =
A−x(t) + b− for VS(t − Dt) + tIL

C
, cT x(t − Dt),

A+x(t) + b+ otherwise.

(1)

⎧⎪⎪⎨
⎪⎪⎩

The vector x = V I
( )T

denotes the state of the system
and consists of the voltage across the capacitor C and the
current through the inductor L. The matrices A2, + and the
vectors b+,2 and c were introduced to present the DDE and
also the following equations in a compact form. They are
defined as follows:
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− 1
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CRL
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(2)

For a fixed setting of the power switches S an inhomogeneous
differential equation describes the propagation of the state
vector x. Hence, it is possible to introduce an affine transform-
ation

T s
Dtx = eAsDt x(t) − xs( ) + xs = x(t + Dt),

s [ −, +{ }, (3)

which evaluates the propagation of the space of all state
vectors (phase space) for a given time t and the setting s of
S. As As is a 2 × 2 matrix, the exponential matrix used in
this equation can be calculated in the following way:

eAst = e−dst 1 cos Vst + As + 1ds
Vs

sin Vst

[ ]
. (4)

The variable ds denotes the real part and Vs the positive ima-
ginary part of the two conjugate complex eigenvalues of As

ds = 1
2CRL

+ Rs

2L
, Vs =

���������������������
1

LC
1 + Rs

RL

( )
− d2

s

√
. (5)

The stationary state for each setting of the power switches is
characterized by the vectors

x− = 1
RL + R−

−ILR−RL

ILRL

( )
, (6)

x+ = 1
RL + R+

VDD − ILR+[ ]RL

VDD + ILRL

( )
. (7)

Assuming that the input signal VS is continuous, the points in
time tK when S are changing their state are specified by the fol-
lowing transcendental nonlinear system of two equations:

VS(t2k+1 − Dt) + tIL

C
=cTT −

Dt2k−Dtx2k,

VS(t2k+2 − Dt) + tIL

C
=cTT +

Dt2k+1−Dtx2k+1,

with Dtk = tk+1 − tk and xk = x(tk).

(8)

If there exists more than one solution for t2k or t2k+1, the smal-
lest positive one has to be used for further considerations.
With the set of n points in time tk and an initial condition
x(t0) the state of the model is determined for all times t0 , t

Fig. 1. Simplified diagram of linear power amplifier (PA) combined with the
envelope following (EF) technique.

Fig. 2. Model of the proposed buck converter control architecture.
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, tn by a recursive equation as follows:

x(t) =
T −

t−t2k
x2k for t2k ≤ t ≤ t2k+1,

T +
t−t2k+1

x2k+1 for t2k+1 , t , t2k+2.

{
(9)

The system (8) is well suited for numerical evaluation but it
does not have an analytical solution. To overcome this
problem it is linearized. This leads to the following analytical
approximations for the points in time when S changes its state:

t2k+1 =
cT T +

−Dt − T −
−Dt

( )
x2k

cT e−A−Dt A−x2k + b−( ) − V̇S2k
+ t2k, (10)

t2k+2 =
cT T +

−Dt − T −
−Dt

( )
x2k+1

−cT e−A+Dt A+x2k+1 + b+
( )

+ V̇S2k
+ t2k+1. (11)

Now, two important parameters of the buck converter, the
switching frequency

f2k =
1

t2k+2 − t2k
(12)

and the duty cycle

d2k = t2k+2 − t2k+1
( )

f2k (13)

at the output of the power switches can be calculated. Ideally,
the output voltage V of the DC–DC converter follows exactly
the control signal VE of the envelope detector. Due to the delay
Dt of the comparator such behavior is impossible. The best
case, which can be achieved, is described by the following
equation:

V2k+2 = VE2k +
V̇E2k

f2k
with VE/Sk = VE/S(tk − Dt). (14)

A linear approximation of the output voltage propagation at
the duty cycle d allows the matching between the present
and the desired behavior,

V2k+2 = eT
VT +

Dt2k+1
T −

Dt2k
x2k with eT

V = 1 0
( )

(15)

= V2k +
V2k + adVS2k + gd +O(d2k − d)

bdf2k
. (16)

The method of equating coefficients applied on the last two
equations results in the function

VS = adVE + bdV̇E + gd (17)

which can be used to correct the dynamic behavior of the pro-
posed buck converter. Its coefficients ad, bd, and gd are calcu-
lated as follows:

bd =
∑
s

Ws(d)
Dtts exp−dsDt
t− ts( )sinc VsDt

( )−1

(18)

with sinc = sin(x)
x

ad = bd

∑
s

Ws(d)
1 − 2dsts +

Rs

RL
+ 1

( )
v2

0tts

t− ts
, (19)

gd = IL

C
bd − t

( )
− eT

V adE + bdA
( )∑

s

Ws(d)T s
Dt0 (20)

with Ws(d) = d for s = −,
1 − d for s = +.

{

The function bd (t) has two simple zeros at t2 and t+, which
are given by the following equation:

ts = 1
Vs cot VsDt + ds

. (21)

These zeros have a major influence on the stability of the pro-
posed control approach. The system becomes instable if

t ≤ max t+, t−
{ }

= tCrit . (22)

With the help of (17) the desired behavior (14) is only
achieved, if the linear approximation is valid. As significant
evidence the time differences tD2k and tD2k+1 have to be posi-
tive. This condition results in two inequalities

V̇S2k . cT e−A−Dt A−x2k + b−( ), (23)

V̇S2k , cT e−A+Dt A+x2k+1 + b+
( )

. (24)

One major goal during the design of the buck converter is to
ensure their compliance for nearly all states of operation.

The energy loss in the power switches of the DC–DC con-
verter during the time t with the initial state x and the switch
state s is denoted by

Ls
t x = Rs

∫t

0
T s

t′ x
( )T 0 0

0 1

( )
T s

t′ x dt
′
. (25)

The used output energy is described in the same way

Us
t x =

∫t

0
T s

t′ x
( )T 1

RL

1 0
0 0

( )
T s

t′ x + IL 1 0
( )

T s
t′ x

[ ]
dt

′
.

(26)

The lost/used power of the buck converter during one switch
cycle (time interval [t2k+2, t2k]) is calculated as follows:

PL(x2k) = L+
Dt2k+1

x2k+1 + L−
Dt2k

x2k + ESW

( )
f2k, (27)

PU (x2k) = U+
Dt2k+1

x2k+1 + U−
Dt2k

x2k

( )
f2k. (28)

The constant ESW denotes the dynamic energy loss in the
power switches during this switch cycle.
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B) Statistical description of the envelope
The envelope of the PA RF input signal changes on two time
scales: the first one is caused by the modulation and the
second one by the power control of the mobile terminal.
Both have to be taken into account to get an accurate descrip-
tion of the statistical properties of the envelope signal, which is
proportional to the input voltage VE of the buck converter. For
the sake of a compact description the envelope signal is nor-
malized

h(t) = V̂I(t)�������
2R0�PI

√ , �PI/O = 1
R0TP

∫t0+TP

t0

V2
I/O(t) dt. (29)

The constant R0 denotes the input resistance of the PA and TP

is the typical time between the change of the output power
through the power control.

The hybrid phase shift keying (HPSK) modulation [9] used
by W-CDMA causes fast changes in the envelope h. The stat-
istic properties of h are derived from simulation results of a
HPSK modulator implemented in MATLABw. This method
is preferred over an analytic model because of the high com-
plexity of the modulation scheme. The simulation uses the
768 kb/s uplink reference measurement setup, which is
given by the 3rd generation partnership project (3GPP) [10],
and uniform distributed random input data. The probability
density function (pdf) pF(h, ḣ, ḧ) represents the fast changes
caused by the modulation and results from the analysis of
3.84 × 105 chips with 16 samples per chip. Its isosurface
pF ¼ 1 is depicted in Fig. 4. The shape in the middle of the
diagram, which looks like a spinning, represents smooth
changes in the envelope. The two arcs are caused by large
and fast changes of h. The power control of a mobile terminal
adapts the RF output power PO to the radio signal propagation
conditions. Figure 3 depicts the pdf pS (PO), which demon-
strates that the PA rarely operates at its maximum output
power POm. The following equation combines pF and pS:

pM(h, ḣ, ḧ) =
∫�POm

0
ps(�Po)pF jh, jḣ, jḧ

( )
d�Po (30)

with j(�PO) =

�����
�PO

�POm

√
.

Now, all the statistic properties of h, needed for the optim-
ization of the design, are characterized.

C) Optimization of the design parameter
Altogether five parameters (Dt, L, C, t, and VDD) and the
dimension of the power switches completely describe the
modeled buck converter. To find their optimal values, first
of all the switching frequency fS of the DC–DC converter
has to be specified. To achieve a low ripple on the PA
supply voltage, this value should be much higher than the
corner frequency of the output low-pass filter (formed by
the inductor L and the capacitor C ). On the other hand, the
efficiency of the buck converter decreases with rising switch-
ing frequency, is due to the dynamic losses in the power
switches, which are proportional to fS. Additionally, the avail-
able semiconductor technology limits the switching fre-
quency. In contrast to a PWM controlled buck converter, fS

of the proposed design is not constant, but a function of the
circuit input signal. Hence, the maximum switching frequency
fSM, which can be approximated by the following rule of
thumb (assuming that A2 ≈ A+ ≈ A and x2k ≈ x2k + 1):

fSM = max f2k ≈
12( ) cT e−ADt b− − b+

( )
4cT e−ADt − 1

( )
x+ − x−

( ) ≈ 1
4Dt

(31)

will be taken into account. For the deployed IBM BiCMOS
7WL technology, a maximum switching frequency of
50 MHz provides an ideal trade-off between low output
ripple and high efficiency. So according to (31) the delay of
the control circuit Dt equals 5 ns.

In order to combine the results of the mathematical model
and the statistic properties of the envelope the state x2k of the
buck converter has to be defined

x2k = I2k VE
( )T

with I2k =
VE

RL
− C

b0
a0.5−a0

( )
VE + b0.5V̇E + g0.5−g0

[ ]
.

(32)

The DC–DC converter is able to follow the envelope signal, as
long as the series of tk is monotonically increasing. This con-
dition is fulfilled, if the denominators of (10) and (11) are both
positive. The first equation describes the span of time during
which the output voltage V is falling to the desired value. The
linearity of the PA is not affected if the supply voltage
decreases too slowly. Much more critical is such behavior
during the rise of V, which is indicated by a negative denomi-
nator of (11). To avoid these operation states, the supply

Fig. 4. Isosurface (pF ¼ 1) which reflects the fluctuation of the envelope h due
to modulation. The variable fC denotes the W-CMDA chip rate of 3.84 MHz.

Fig. 3. The probability density function of the PA RF output power [6] for
W-CDMA.
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voltage has to fulfill the following relation:

VDD .
LC
b1

cT e−A+Dt A+x2k+1 −
IL

C
eT

V

( )
− V̇S

[ ]
(33)

= a3V̈E + a2V̇E + a1VE + a0. (34)

To achieve preferably small values of VDD, the damping d+
should be minimal. So the requirement

C = L
R+RL

(35)

reduces the dimension of the parameter space by one. The
PA-dependent voltage VH, V0, and VEmin establishes the con-
nection between the input voltage of the buck converter VE

and the normalized envelope:

VE = VEmin, VHh + V0 , VEmin,
VHh + V0 otherwise.

{
(36)

The probability, that the supply voltage VDD does not satisfy
(33) during n of N switching cycles, is

PV (VDD) = lim
N�1

n
N

= 1 −
∫1

−1

pV (VDD) dVDD. (37)

Thereby, the probability density function pV is derived from
the envelope statistic in the following way:

pV VDD( ) =
∫1

−1

∫1

−1

pF h∗, ḣ, ḧ
( )

dḣ dḧ, (38)

h∗ = 1
a1

VDD − a0 − a1V0

VH
− a2ḣ − a3ḧ

[ ]
. (39)

The coefficients a0, a1, a2, and a3, which are required to evalu-
ate h∗, result from equating the corresponding coefficients of
(33) and (34). The diagram in Fig. 5 shows PV as a function of
the output filter’s corner frequency f0 for different supply vol-
tages

1

It shows, that f0 and VDD are interchangeable: the same
dynamic behavior can be achieved with a low corner fre-
quency and a high supply voltage and the other way around.
To keep the output ripple of the buck converter low, the
value of f0 should be at least five times lower than the
maximum switching frequency fSM. By setting t ¼ 20tCrit

the stability of the circuit is ensured. With respect to these
requirements, the values, which are marked in Fig. 5 with a
cross, were chosen for VDD and f0. The power switches are a
chain of tapered CMOS inverters (tapering factor v ¼ 9). So
the transistors parameters can be derived from the parameters
of the last inverter, which consists of p- and nMOSFETs. To
minimize the parasitic capacitances and the channel resistance
their length has been set to the technology minimum of
400 nm. Hence, the remaining parameters are the width of
the p- (wp) and the nMOSFET (wn). The values of the
model parameter R+, R2 and ESW are calculated by transient
simulations for varying values of wp and wn. The mathematical

model allows to calculate the loses PL of the DC–DC converter
and the DC power used by the PA PU in the following way:

PL/U wp, wn
( )

=
∫

PL/U h, ḣ, ḧ
( )

pM h, ḣ, ḧ
( )

dh dḣ dḧ|wp ,wn
,

(40)

where PL/U (h, ḣ, ḧ) is equivalent to PL/U(x2k) from (27) and
(28), respectively, with x2k according to (32) and (36). Out of
these two quantities the efficiency of the buck converter can be
determined easily by

hB =
�PU

�PU + �PL
. (41)

Its value is depicted in Fig. 6 as a function of wp and wn. The
cross marks the configuration, which was chosen for the
design. It is a little bit displaced to the maximum, to avoid
too large values of R+ and R2, which downgrade the PV

(VDD). A summary of all design parameters is given in Table 1.

I I I C I R C U I T D E S I G N A N D
I M P L E M E N T A T I O N

The complete chip consists of four building blocks, which are
integrated into a monolithic chip and occupy an area of

Fig. 5. The probability, that the DC–DC converter is not able to follow
the envelope signal as a function of the supply voltage VDD ¼

{1.9 V,1.95 V,2 V,2.05 V} and the corner frequency f0 of the output filter.

Fig. 6. Contour plot of the buck converter efficiency hB versus the dimension
of the power switches.

1

All results shown in this section are based on the parameters of the
RMPA2265 PA in low-power operation mode. IL ¼219.6 mA, RL ¼
10.5 V, V0 ¼ 0.35 V, VH ¼ 1.13 V and VEmin ¼ 0.55 V.
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0.54 mm2. Their circuits and interconnections are depicted in
Fig. 7. The dashed lines frame the different parts of the circuit,
already known from the system model in Figs. 1 and 2. The
starting point for the design of each block is the set of opti-
mized parameters of the buck converter model, which is
derived in the last section and summarized in Table 1.

A) Envelope detector
The circuit of this block is well known as diode detector. The
block capacitor C0 decouples the DC part of the RF input
signal. Only the positive half-wave of the remaining signal
passes the Schottky diode D1. An RC filter, which consists
of R1, R2, C1, and C2 suppresses the carrier of the W-CDMA
modulated RF signal and implements the derivation in (17).
Its transfer function has a pole of order two at f1 ¼ 15 MHZ
which is about four times higher than the chip rate of the
W-CDMA signal and a simple zero at

f2 = a0.5

2pb0.5
= a0.5

2pR2C2
= 2.31 MHz. (42)

Thus, a good carrier rejection is achieved, and simultaneously
the distortion of the envelope signal is acceptable. The com-
parator uses current signals. Hence, a current mirror transfers
the current through R1 (output signal of the RC filter) to the
envelope detector output current I2. To avoid an input
power dependent offset of this signal, a dummy diode detector
is employed. The minimal output voltage of the buck conver-
ter V0 is adjusted by the external resistor R3.

B) Comparator
The output current of the proportional differential feedback
I+ is inverted by a current mirror and fed to the input of a
CMOS inverter (T1 and T2). Thus, the input current of the
inverter is the difference DI between the I+ and I2, the
output currents of the proportional differential feedback and
the envelope detector. This small part of the whole block
already shows the desired behavior: if DI is negative the inver-
ter output switches to the supply voltage or else to ground. To
increase the speed of the comparator a chain of multiple stages
with low gain is preferred over one stage with a high gain [11].
Hence, the gain of the inverter is reduced by degeneration. For
this purpose, T3 is operated in linear region to form a feed-
back resistor. Two adjacent common-source stages compen-
sate the gain losses due to the degeneration. With the help
of this technique a very low delay time of 1.9 ns is achieved.
The output of the last source stage drives a chain of seven
CMOS inverters. Three of them belong to the comparator.
They ensure that the input signal of the power switches,
formed by the remaining four inverters, is rail to rail.

C) Power switches
As already mentioned the power switches are formed by a
chain of four tapered CMOS Inverters. They have a separate
voltage supply to avoid interferences with the other blocks
of the circuit. About 65% of the chip area (without pads) is
occupied by them. Figure 6 shows the configuration of the
power switches, which are an optimum trade-off between effi-
ciency and speed. In this configuration the pMOSFET of the
biggest inverter in the tapered chain has a width of w+ ¼
7100 mm and the corresponding nMOSFET has a width of
w2 ¼ 5900 mm. The dimensions of the driver stages in the
chain result from the tapering factor v ¼ 9 and are listed in
Table 2.

In conjunction with the comparator transient simulations
show a total delay Dt of 4 ns. To compensate process vari-
ations, this value is consciously a little bit smaller than the
one calculated in Section II(C).

D) Proportional differential feedback
To make the design more flexible, the feedback circuit pro-
cesses an input signal range between zero and 1 V. In doing

Table 1. Summary of the optimized parameters.

Parameter Designed Measured

C 20 nF –
L 50 nH –
VDD 2 V –
Dt (ns) 5 (4.45 + 0.1)
t (ns) 90 109
R+ (V) 1.23 1.33
R2 (V) 0.49 0.50
ESW (nJ) 109 (177 + 1)

Fig. 7. Complete circuit of the designed buck converter.
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so the ratio between the envelope of the RF input signal and
the output voltage V is adjustable by an external voltage
divider (R4 and R5). Although the PA parameter VH can be
fine tuned during the measurements. As the comparator
requires a current signal, the input voltage is converted to
the output current I+ by a source follower. The capacitor C3

in its load impedance induces the desired differentiating be-
havior

t = R6C3 = 90 ns. (43)

A level shifter, which consists of T4 and T5, guarantees that
the transistor of the adjacent source follower does not leave
the saturation region over the complete input voltage range.

I V M E A S U R E M E N T S

Because of the external capacitor and inductor, which form the
output filter, measurements were performed on a PCB, which
houses the chip (shown by Fig. 8a) and all external components.
The major challenge of the PCB design is the total parasitic
inductance LP in the power switches voltage supply. Because
they switch high currents up to 400 mA in very short periods
of time (about 500 ps), even a small inductance causes large
voltage spikes. Thereby in worst case the supply voltage of
the power switches raises transiently beyond the breakdown
voltage of the used CMOS transistors. To avoid such conditions
there are three possibilities: The supply voltage, the parasitic
inductance, or both of them have to be reduced. The diagram
in Fig. 9 shows the maximum supply voltage VDD (plotted
over LP), which guarantees that the breakdown voltage of
3.6 V is not exceeded. These results were obtained by a para-
metric transient simulation.

An external capacitor CB with a value of 100 nF and an
extreme low equivalent series inductance (ESL) of 200 pH
decouple the fast changing currents form the rest of the

PCB. So only the tracks and wires, which connect it to the
chip, have to be taken into account. To keep them as small
as possible, the capacitor is placed direct under the chip on
the bottom side of the board. On account of the layout’s sym-
metry, it is adequate to analyze only the upper half of these
connections. They are depicted by Fig. 8a. The decoupling
capacitor has eight terminals, four on each side. They
connect alternating the two plates of the capacitor. Hence,
the fast changing currents DIDD in two adjoining tracks/
bond wires are always in opposite directions. So the magnetic
fields created by them, partly compensate each other. Thus,
the parasitic inductances can be decreased significantly. The
electromagnetic analysis software Sonnetw calculates a LP of
943 pH for the described geometry. Hence, according to
Fig. 9 the maximum supply voltage of the power switches
(with a load of 400 mA) is 2.3 V. That is why the low-power
mode of the PA (RMPA2265) is used. The high-power
mode would need a supply voltage of 3.3 V.

A) Model parameters of the buck converter
In order to quantify the resistances R+ and R2 of the power
switches, the input VSens of the chip is connected to an external
voltage source. By increasing or rather decreasing its voltage,
the state of the power switches can be toggle. A constant
current source is applied to the output of the buck converter.
For both states of the switches its current is swept from 2200
to 200 mA. Through the measurement of the output voltage V
two voltage–current characteristics arise. Each of them is

Table 2. Dimension of the driver stages of the power switches.

Stage 1 (mm) 2 (mm) 3 (mm)

Width pMOSFET 784 84 9.3
Width nMOSFET 700 80 8.9

Fig. 8. Realization of the power switches voltage supply. (a) Photo of the fabricated chip (b) Model of the connection between the chip and the decoupling
capacitor CB (only the upper half is shown)

Fig. 9. The maximum supply voltage VDD of the power switches as a function
of the parasitic inductance LP and the current I ¼ {0, 200 mA, 400 mA}.
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approximated well by a linear function, whose slope is equal to
the resistance in demand.

To find out the value of the time constant t, the input VSens

is connected to a sine wave generator. The amplitude and
offset of this generator are chosen in a way, that the power
switches can be fixed in both states (without any further
switching cycles) by varying the bias current IB. For different
frequencies f of the sine wave IB is adjusted, until the power
switches stop changing their state and only the one, which
connects the output of the chip to ground, is active. After a
sweep over a frequency range from 100 to 10 MHz the ampli-
tude of the generator is set to zero (its offset is maintained).
The bias current is adjusted like before and its value is
assigned to the variable IB0. The approximation of the
measurements by the function

IB( f ) = IB0 − K(1 + t2pf ), (44)

results in the demanded time constant.
In an additional measurement, the buck converter is oper-

ated without a load (IL ¼ 0 and RL � 1). Its output voltage V
is set by means of an RF signal generator, which feeds an
unmodulated 1.95 GHz carrier with the power PI in the
input of the envelope detector. The output of the power
switches is connected to an oscilloscope. It is used to
measure the period of time Dt0 during which the switch to
the supply voltage is active and Dt1 vice versa. Furthermore,
the average current IDD drained from the source VDD is
recorded. Because the input voltage VE of the DC–DC conver-
ter remains constant during each measurement, its state x0 has
to fulfill the following equation:

x0 = T +
Dt1

T −
Dt0

x0. (45)

So x0 and the corresponding state x1 after the time Dt0 can be
calculated as follows:

x0 = E − eA+Dt1 eA−Dt0
( )−1T +

Dt1
T −

Dt0
0, (46)

x1 = T −
Dt0

x0. (47)

Due to VE ¼ const. the equation

cT T +
−Dtx0 − T −

−Dtx1
( )

= 0 (48)

is valid. It is used to obtain the value of Dt, because all other
variables it contains are already known.

The dynamic losses of the power switches can also be
derived from the measured data

PSW (f0) = ESW f0 = VDD�IDD − L−
Dt0

x0 + L+
Dt1

x1

( )
f0. (49)

With the help of this relation, ESW can be calculated easily. To
get more accurate results, the shown procedure is repeated for
different output voltages V. Table 1 summarizes the measured
parameters of the buck converter. The parameters specified
during the design of the circuit and the measured ones
match well.

B) Complete system
Now the designed circuit is used to modulate the supply voltage
of a commercial standard W-CDMA PA (RMPA2265). Because
this PA is a two-stage design, only its second and final stage is
connected to the buck converter. Its first stage is supplied by a
constant supply voltage and is neglected in the following con-
siderations. The RMPA2265 is operated in the low-power
mode, which has a linear output power of 16 dBm. Two prop-
erties have to be determined for the PA with a fixed supply
voltage and the EF configuration: the efficiency and the linearity.
The efficiency is defined as the ratio of the complete system
power consumption and the output power of the PA. To
compare both configurations the efficiency gain

G = hEF

h
(50)

is introduced. In this equation, hEF enotes the efficiency of the
EF configuration and h describes the efficiency of the PA with
a fixed supply voltage. As a measure for the linearity of the
PA the adjacent channel leakage power ratio (ACLR) of its
output signal is used. It is measured by a R&Sw FSU 67 spec-
trum analyzer in the first and second, left and right adjacent
channel. The W-CDMA modulated test signal

2

, which feeds
the PA, is generated by a R&Sw SMBV100A vector signal gen-
erator. Figure 10 depicts the results of the measurements. It
shows a significant efficiency gain at low output powers PO.
The values of G can also be calculated with the mathematical
model of the buck converter

G =

! VE(jh)
RL

− IL

( )
VE(jh)pF(h, ḣ, ḧ) dh dḣ dḧ!

PU (jh, jḣ, jḧ) + PL(jh, jḣ, jḧ)
( )

pF(h, ḣ, ḧ) dh dḣ dḧ
,

with j =

�����
�PO

�POm

√
, �POm = 16 dBm. (51)

The forecast of the model matches the measurements very well.
This is quite impressive, considering that a simplified and line-
arized model was used for analysis. The ACLR leaves slightly the
range admitted by the W-CDMA standard. This effect can have
two different causes: either the DC–DC converter is not capable
to follow the envelope of the RF input signal all the time. Or the
gain and phase shift of the PA changes with its supply voltage.
Such behavior, which was shown for the RMPA2265, makes it
not very suitable for an EF PA at all. To emphasize this assump-
tion the ACLR estimation method, presented in [12], is applied
on a RMPA2265 whose supply voltage is modulated ideally. The
results are also depicted in Fig. 10. They show that even an ideal
modulation of the supply voltage would cause a significant rise
of the ACLR. Due to the dependency of the PA gain and phase
on its supply voltage, the output ripple of the buck converter is
mixed with the RF signal. This effect causes the high values of
the ACLR (especially at low output powers) in the second adja-
cent channels. The following properties of the design were
observed with an oscilloscope and are completely satisfying.

2

The test signal has the same setup as the W-CDMA signal used to
determine the statistical properties of the envelope.
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The average efficiency gain

�G =
∫

pS �PO
P27dBm

P16dBm

( )
G(�PO) d�PO = 2.03 (52)

is obtained by weighting the measured values with their prob-
ability. Furthermore, the average efficiency gain with an ideal
supply voltage modulator is defined as follows:

�GI =
∫

VDD

VE(jh)
pM(h, ḣ, ḧ) dh dḣ dḧ = 3.19. (53)

The ratio between these two quantities is approximately the
efficiency of the buck converter

�G
�GI

≈ hB = 63.8%. (54)

The value of hB as also derived from the results of the
measurements and is very similar to the one which was deter-
mined during the parameter optimization (shown in Fig. 6
with a cross).

V C O N C L U S I O N

The buck converter presented in this work, fulfills all require-
ments of an envelope amplifier for a modern efficiency
enhancement system. It shows both a high average efficiency
of 63.5% and the dynamic properties to follow the fast chan-
ging envelope signal of a W-CMDA modulated RF signal.
Because the design only uses CMOS devices, it is perfectly
suited for economic large-scale productions. By means of

the proposed design flow the circuit can be adapted to a
wide range of different communication standards and IC tech-
nologies. The base of this flow is the mathematical model of
the DC–DC converter and the envelope signal. Its accuracy
is confirmed by measurements. In an EF configuration the
buck converter doubles the average efficiency of an industry
standard W-CDMA PA (RMPA2265). The DC current of
this PA varies over the wide range from 30 to 160 mA pro-
portional to the square root of its output power. Hence, the
RMPA2265 has already – without any efficiency enhancement
techniques – a much better back-off efficiency as comparable
PAs in class A configuration. That is why the presented design
has to cope with a challenge, which cannot be found for a
setup with a class A PA. A high average efficiency of the
DC–DC converter despite a wide range of its output current.

Due to restrictions of the used technology only small supply
voltages could be used. The employment of technologies which
are better suited for switching regulators could increase the
supply voltage and also the efficiency gain significantly.
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