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A 280 W LDMOS broadband Doherty PA
with 52% of fractional bandwidth based on a
multi-line impedance inverter for DVB-T

applications

ALESSANDRO CIDRONALII, NICCOLO GIOVANNELLIZ, STEFANO MADDIOl, ANDREA DEL CHIAROZ,
CHRISTIAN SCHUBERTH3, THOMAS MAGESACHER? AND PETER SINGERL®

We introduce a new technique for the design of an output combiner for Doherty power amplifier (DPA) and its effective
exploitation for the development of a wideband laterally diffused metal oxide semiconductor (LDMOS) DPA. The design
is enabled by a two-line impedance inverter for the DPA back-off operation, which is capable of 52% of fractional bandwidth.
The technique is validated by the development of a DPA prototype for Ultra high frequency terrestrial digital video broadcast
(DVB-T) applications, with optimized peak power and efficiency over 470-806 MHz. The prototype delivers between 40 and
53% of average efficiency across the band, at 49 dBm output power in average across the bandwidth, and supporting DVB-T
signals with 8 MHz bandwidth and a peak-to-average power ratio of 10.5 dB. It achieves the target adjacent channel power
ratio of —52 dBc at 750 MHz if digital pre-distortion is applied, and provides 47.8 dBm of output power with a drain effi-

ciency of 44.3%.
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. INTRODUCTION

In this paper we address the targets of high energy efficiency
over wide dynamic range signals along with wide operation
bandwidth for high power amplifier (PA) design [1]. In the lit-
erature, both these problems are addressed separately by
several design techniques [2, 3]. The most investigated PA
architectures, capable of providing a wide dynamic range
and sufficient operative bandwidth, are still those referring
to the envelope tracking (ET-PA) [4-7], and to the Doherty
(DPA) [8]. Among these, the DPA represents a good candi-
date for the roll-out of new infrastructure equipment due to
its reduced impact on the existing base station architecture
[9]. Nevertheless, the DPA technique still needs significant
effort to meet the requirements of RF bandwidth and linearity
imposed by the commercial wideband telecommunication
applications. Indeed, the DPA is conventionally adopted for
narrow band applications, where the main objective is the
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improvement of the average efficiency for high dynamic
range modulated signals. With the above motivation, recent
literature addresses the topic of the effective exploitation of
the DPA concept over wide radio frequency (RF) bands.

The adoption of innovative device technologies like Gallium
Nitride (GaN) represents a significant technological asset for
many RF and microwave applications [10-12]. Although
GaN-based DPA permits high frequency (above 2 GHz) with
wideband operation, and GaN devices on Silicon substrate
are promising for lower cost, significant technological efforts
are needed before they could be exploited in the below
1-GHz terrestrial digital video broadcasting (DVB-T) applica-
tions, which are addressed in this paper. In this respect, a cost-
effective device technology for RF broadcasting applications is
represented by the Silicon laterally diffused metal oxide semi-
conductor (LDMOS) device technology [13], mainly due to
its high gain (20 dB at 2 GHz), good efficiency, inherent linear-
ity, excellent reliability, ruggedness, and low cost [14]. These
features make LDMOS the technology of choice for the devel-
opment of DPA for broadcasting applications. This work is
motivated by the experimental validation of the above assess-
ment. We introduce a broadband DPA design technique that
permits the coverage of wide fractional bandwidths like that
in use in ultra high frequency (UHF) band DVB-T, with high
average output power level and high energy efficiency.

In [15] we investigated a new impedance inverter topology,
in which the quarter-wave transmission line (QWTL)
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impedance inverter is replaced by a broadband multistage
transformer capable of absorbing the device’s parasitic capaci-
tances. While the multistage impedance transformer has an
inherent broad band operation as an impedance inverter, it
introduces a bandwidth limitation when considered for peak-
power operation, in which the load modulation at the
summing node should be transferred to the main power
device output. On the other hand, this issue occurs in those
approaches that, focusing on the broad band increasing of
the back-off operation, neglect the correct load modulation
at peak power across the target bandwidth. The work pro-
posed in [15] extends the concept of PA devices’ output cap-
acitance absorption [16], by introducing a multi-stage
impedance inverter designed over a wide bandwidth by a
bi-objective optimization, capable of getting the best trade-off
between the back-off and peak power DPA operations.

In this paper we further develop the approach proposed in
[15] by introducing a technique based on the splitting of the
single-stage QWTL into two sub-networks and their subse-
quent implementation by appropriate pi-networks capable
of absorbing the main device output parasitic capacitance.
We show that this technique leads to an impedance inverter,
suitable for DPA back-off operation fractional bandwidth,
which is wider than the one associated with ideal QWTL,
namely 54% versus 28%. As a direct consequence, it results
in a wider DPA operation bandwidth for those RF power
device technologies that exhibit higher capacitance per
power density, where more conventional approaches would
fail in delivering the performance across a wide bandwidth.

The paper is organized as follows. In Section II we analyze
the DPA principle of operation, focusing on the factors limit-
ing its operational bandwidth, and providing an average drain
efficiency (DE) benchmark as a function of the signal
dynamic. These factors are then reconsidered to introduce
the direct synthesis of the impedance inverter in Section III
In Section IV the design of the DPA prototype suitable for
DVB-T is provided and discussed, while its characterization
is provided in Section V.

II. BROADBAND DPA LIMITATIONS

A) Principle of operation

The architecture of the DPA [8] exploits the mechanism of
active load modulation, which is provided by the peak
device over the main device. Indeed, in the so called
back-off state the main device output termination at funda-
mental frequency is 2-R,,», where R, is the optimum load
at peak power for the main device, at its intrinsic current gen-
erator. This termination is provided by transforming, with an
impedance inverter, the termination Ropi/2 seen at the
summing node toward the external load. In conventional
designs, the impedance inverter is implemented by a
QWTL, with characteristic impedance equal to R,,. When
driven in the saturated state, the peak device provides an add-
itional current into the output termination, thus making the
effective main device’s termination decrease from 2-R,,; to
Ry In this state, the main device is saturated and its
output voltage remains constant through the entire region.
In saturation, the main device can be modeled by a voltage
source and its output impedance is thus transformed into an
open circuit at the summing node, as shown in Fig. 1.
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The conventional design approaches consider the peak device
biased in class-C operation to maintain its off state in the entire
back-off DPA state. Despite this bias difference, in principle, the
two devices at peak power would drive the same fundamental
component current; thus, at a first analysis, the same output ter-
mination would be required and the same power would be gen-
erated by the two devices. In practice, due to the reduced
conduction angle of the peak device, a reduced current at funda-
mental is generated, so a lower load termination is required for
the peak device [17]. Thus, this justifies the peak device matching
network shown in Fig. 1. In addition, the latter network ensures
that the peak device provides its due current into the summing
node and thus enables the correct load modulation.

The described DPA operation principle exhibits at least
two limiting factors for its effective exploitation. The first lim-
iting factor consists in the inherent behavior of the QWTL
impedance inverter, which significantly limits the bandwidth
at back-off (transformation from R,,/2 to 2-R,,). The
second consists in the interaction between the QWTL and
the parasitic capacitors, which decreases the bandwidth for
both back-off and peak power states; this becomes significant
for DPA with large high-power devices. These limiting factors
are quite well addressed in the literature [16], and the pro-
posed solutions consider the compensation of the RF
device’s output capacitor and new topologies of the output
networks [11, 18]. Yet in all these cases the expected fractional
bandwidth for continuous wave (CW) signals at DPA back-off
is hardly larger than 28%. In order to increase the bandwidth,
new approaches to the design of the output combiner were
introduced in the literature [19]. These approaches are
aimed at increasing the bandwidth of the impedance inverter
and concentrating the efforts on the operation of the DPA at
back-off. The completely different approach proposed in [20],
instead considers to design the impedance inverter with a
characteristic impedance equal to R,,, thus making the
DPA operation at back-off independent of frequency. The
approach requires a proper amplitude and phase control of
both the main and peak driving, which in [20] was implemen-
ted by an additional vector modulator.

B) DPA limitation to broadband modulated
signals operation

We evaluate now the expected operative bandwidth of an ideal
DPA, based on a conventional QWTL impedance inverter, as

impedance
- inverter: R__,, A./4
—— A opt
open L
load

peak i
peak matching output matching

network Romfz network

Ils
I

Fig. 1. Schematic representation of the RF power devices combination at the
output of the DPA operating in the saturation state.
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a function of exciting modulated signal peak-to-average power
ratio (PAPR).

Let us assume the schematic representation of the DPA
output network in Fig. 2, where the main and peak devices
are represented by two current sources having fundamental
output currents I,,, and I, that depend on the input voltage
drive level 0 < £ <1,

I, = gl (1)
2
0 0§56,
I, = Imax - 0 ]
r Tf fbfh &o<é<1 )

where &, = 0.5 is the drive level at the onset of the peak
device and Imax is the maximum current of both the main
and peak devices, assumed to be equal. The voltage at the
summing node (node P in Fig. 2) can be evaluated by the
2-port analysis between the nodes “M” and “P” by considering
the QWTL characterized by its Z-parameter matrix [16]. In
order to calculate the DPA efficiency, we first calculate the
output power, which after a simple manipulation and using

(1) and (2) reads

(g : fbo)z
Ve 0P () + &osin’ ()~ 6= b
Pout = ﬁ; &y + (E— E)c08?(D) | , (3)

(cos(f) —jsin(f))i
cos2(f) + &,,sin’(f)

’gbo<§§1

where the normalized frequency f is defined as 7rf/2f, with the
design center frequency. The (3) is valid under the assumption
of QWTL designed at f, with characteristic impedance Z, =
R,y and back-off drive level &, = o.5. The DC power con-
sumption under the simplifying assumption that the peak
device operates in mild class-C reads

_ Vas(m| + 1)
==

Ppc (4)

Combining (3) and (4), we can finally derive the DPA DE,
DE = P,,,/Ppc, which is drawn in Fig. 3 as a function of the
drive level ¢, and the fractional bandwidth |f — f,|/f,. From
the figure, we observe that the curves spread more at
back-off (i.e. &, = 0.5), thus determining the worst case for
the DE bandwidth; in this state, only at center frequency
and for the CW signal at the back-off level, the DPA exhibits
the peak DE. Instead, at peak power all the curves converge at

M I—I P
o QWTL @ fy, Ropt I‘ o

Ropt/2 <

lpeak(@@

Imain(s)

Fig. 2. Schematic representation of the DPA output network; the main and
peak devices are represented by two ideal controlled current sources.
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Fig. 3. DE for an ideal DPA implemented with a QWTL impedance inverter
designed at f, with Z. = R,p,, as a function of the fractional bandwidth | f — f,|/
fo» and drive level &

the peak DE, thus determining a significant contribution for
those signals having low PAPR.

Let us now assume a drive signal having a level probability
distribution function characterized by the Rayleigh
distribution

pdf(§) = S €1, (s)

0—2

where the parameter o is related to the linear PAPR by
o =PAPR - /2/m. By integrating the curves in Fig. 3
weighted by (5), for the same signal peak power, we derive
the average DE as a function of the fractional bandwidth,

(DE) = j DE(EJ) - pdf(£.0) - dE: (©)

The results of the numerical integration of (6) are shown in
Fig. 4. In the same figure we include for comparison the result
of the calculated average DE for a CW signal at back-off (i.e. the
input level of the onset for the peak device), as a function of the
normalized frequency, f/f,. From the data we can calculate the
bandwidth following the accepted criteria of 10% relative
average DE drop at the band edge. The calculated bandwidth
along with the maximum average DE is reported in Table 1.
The bandwidth exhibits a significant reduction moving from
PAPR=3dB to PAPR = 6dB, while for higher PAPR it
remains almost constant. Differently, the maximum of the
average DE at the nominal design frequency, f,, shows an

80
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+— PAR = 7.5dB
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’ —e— CW at BO Ly
5 0.7 0.8 0.9 1 1. 12 13 1.4 15

1
Normalized frequency, (a.u.)

Fig. 4. Average DE performance for an ideal DPA, versus normalized
frequency f/f,, for modulated signals at different peak-to-average ratio (PAR)
and same peak power. For comparison it is also reported the case of CW
signal at back-off power.
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Table 1. Bandwidth and average DE for ideal DPA.
PAPR (dB) Fractional bandwidth (%) Average DE (%) at f,
3 51.2 71.9
6 38.4 68.7
7.5 37.7 65.7
9 37.8 62.5
10.5 38.3 59.5
CW 28.2 78.5

almost linearly decreasing trend as the PAPR increases. The
data relative to the CW signal at back-off confirm that the
DPA DE bandwidth equals the QWTL bandwidth.

It is worth highlighting that the results in Table 1 consider
ideal devices, and we discuss hereinafter that the devices’
output capacitance reduces significantly the bandwidth of
the impedance inverter, also when a wideband absorbing tech-
nique is adopted [16]. The proper absorption of the main
device parasitic is discussed in the next section.

. THE BROADBAND SYNTHETIC
MULTI-LINE IMPEDANCE INVERTER

A) Synthetic transmission lines properties

The synthesis of the proposed new wideband impedance
inverter by transmission lines of proper lengths and shunt
lumped elements is straightforward. With reference to
Fig. 5, let us consider respectively Z, and 6, the characteristic
impedance and the electrical length of a reference transmis-
sion line, and the corresponding transformed pi-network,
composed of a transmission line having the characteristic
impedance and the electrical length respectively Z, and 0,
and being By the shunt susceptance connected at both its
ends. The ABCD matrix of the reference transmission line is

cos(6,)
7Y, sin(6,)

jZ, sin(6,)

cos(6,) |’ @)

while the corresponding one associated to the pi-network is

cos 0, — Z,Bgsin 0,
jsin 0,(1 — (Z,Bs)* + 2Z, Bs cot 6,)

jZ, sin 0,
cos 0, — Z,Bgsin 0,

(8)

3

assuming By = w C,, with C, the parasitic capacitor to be
absorbed, between these parameters the following relations hold:

_cos(6,) — cos(6,)

@ Cp = oS8 (o)
. sin(6,)
Z, =7, (0" (10)
8 '20190_' g D.__I_.'Zhgl'.__l_.n

CpL

(a) (b)

Lcp

Fig. 5. Transmission line equivalence with a pi-network.
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From (9) we see that for large capacitance values we get very
shortline lengths with corresponding high characteristic imped-
ance. This combination of parameters makes the transmission
line synthesis impractical. Furthermore, the equivalence is
exact only at a single frequency, making the bandwidth of the
loaded line narrower than the original unloaded line. From the
above considerations, it results that in practical applications
the device technology determines the maximum RF bandwidth.
In particular, the ratio between the output capacitance and peak
power is a figure of merit of several device suppliers in GaN and
LDMOS technologies. For GaN technology this figure is in the
range of 0.05 pF/W, while for LDMOS-based 50 V technology
this figure ranges about o.14 pF/W [21]. Thus, as expected,
GaN technology provides the conditions for the wider band-
width [12]. Nevertheless, the LDMOS technology is still the
best suited for high power at the lower frequency band,
mainly due to the high ruggedness, low thermal resistance and
good efficiency performance. The latter consideration motivates
the effort in the development of broadband DPAs for DVB-T in
the UHF band [19].

For the design of the impedance inverter, we introduce a
new concept that does not require complex multi-objective
optimization and allows the impedance inverter function
across a bandwidth that is wider than in ideal QWTL. In
the treatment that follows, the parasitics are considered to
be constant across the entire signal dynamic range, although
not necessarily identical for the two devices. We can rewrite
(9) in the more general form

Bs  cos(6,) — cos(6,)
by = o> = 2R ORA)

Y, cos(6,) (11)

where bg represents the shunt element at the ends of the trans-
mission line. From (11) it results that if 6, < 6,, i.e. when the
line is shortened, the shunt element is positive, meaning a cap-
acitive susceptance, while the case of elongation, 6, > 6,,
implies a negative, inductive susceptance.

The corresponding characteristic impedance is modified
according to (10). In Fig. 6 we report a view of the line trans-
formation expressed by (11), where the isoclines are associated
with the shunt susceptance of the synthetic line. From the
figure, it is evident that, starting from the reference electrical

@
o

[-e-40°- 20° |
| —=—10°- 20°

+a o o
o L=] o
1 1

TLa k

8,(degree)
E & 5

450 MHz.
25k gep mMHEtlh
a50MHF
2050w

s S T

850 MH:
10} / 4

5 10 15 20 25 30 35 40 45 50 55 60
6,(degree)

Fig. 6. Plot describing the normalized shunt susceptance needed to either
shrink (red line) or lengthen (blue line) a transmission line with electrical
length 6,.
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length, a transmission line can be either lengthened or shor-
tened as long as the appropriate susceptance is shunted at the
line ends, and the transformed impedance Z, remains feasible.
For instance, having selected a cascade of two transmission
lines, namely TL, and TL; with nominal electrical length
64 = 40° and 68 = 10°, we can consider their implementation
by a shorter transmission line #I,, of electrical length 20°, and a
longer one, tl;, of 20°. The electrical length frequency depend-
ence of the two nominal lines in the 450-850 MHz bandwidth
is also reported in Fig. 6, and from their intersections with the
isoclines, we can evaluate the resulting |bg|. Although the shunt
susceptance values are not constant across the entire frequency
range, the two trends are almost identical in absolute value. The
advantage of this transformation is clear: since jBa and jBb
follow almost the same path, they are intrinsically resonating
over a broad band, thus giving a wide band equivalent line.

It is remarkable that around the central area the isoclines
exhibit similar slope, converging to exactly 45° for the particu-
lar condition 6,= 6,, which implies no-transformation.
About this line, the isocline curvature is mildly variable,
meaning that for small length variation, the susceptance is
almost invariant with respect to the ratio 6,/6,. Opposite iso-
clines corresponding to + bg show the same distance from the
bisect line, which is a hint of a natural balance between the two
kinds of transformation. It has to be clarified that the analysis
carried out is frequency-dependent. Thus, if the shunt suscep-
tance for the synthetic line is implemented by either a capaci-
tor or an inductor, the bandwidth of the transformed line is in
principle narrow band.

B) Synthetic multi-line impedance inverter
design

The frequency behavior dualism of both the transformations
discussed in the previous section, and the inherent bandwidth
limitation, due to the presence of the output devices parasitic
capacitance that load the impedance inverter, suggest a differ-
ent way to operate, which is discussed hereinafter.

Let us consider the conventional impedance inverter based
on a QWTL, and assume it is divided into two parts, namely
TL, and TL,, as depicted in Figs 7(a) and 7(b). With reference
to this arrangement, the transmission line TL, is made shorter,
tl, in the Fig. 7(b), with the electrical length moved from 02‘ to
64 with 04 > 64, while the transmission line TL, is made
longer, tl, in the Fig. 7(b), with 64 < 4. According to
Fig. 6, it is then possible to select the new lengths 64 and
6% Z such that the required two susceptances are opposite,
jBa = —jBb, and thus compensate each other. It is easy to
demonstrate that the opposite susceptances lead to the
condition:

cos(@%) — cos@)) _ cos®) — cos(®%)

bs| = ,
1bs| cos(4) cos(68) (12)
which implies a further condition for the overall length:
0, =05+ 65, (13)

While the characteristic impedances of the two splitting
lines are the same: Z, = Z2 = Z5, the characteristic impe-
dances composing the synthetic lines Z4 and Z? are dictated
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impedance inverter

20,14
(a)
TLa TLb
. .Zﬂi B:\rl ZO! 0“” —3a
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"L tla b A
© Cp . ‘
iBs -jBs -jBs

Fig. 7. Schematic description of the synthetic implementation of the
impedance inverter (a) by two transmission lines (b) and compensating the
transistors’ parasitic capacitor, C, (c).

by (10). The splitting ratio in (13) results to be a degree of
freedom leading to the proper |bs|, thus yielding the proper
capacitance for the left end of the synthetic tl, line, being
|bs| = -C,/Y, with C, the output device capacitance. In add-
ition, the proper choice of the addends in (13) is driven by the
constraint of feasibility of the characteristic impedance from
(10). The synthetic impedance inverter design is completed
by inserting a shunt inductor, L,, at the right end of the I,
|bs| = 1/@-L,Y,. Because of (12), in practical implementation,
two out of the four shunt lumped elements, namely the inner
ones depicted in Fig. 7, cancel each other out and thus do not
need to be implemented. The beneficial effect of this cancella-
tion is the removal of the corresponding band limiting behav-
ior. As both L, and C, are frequency-dependent, inserting
them as a lumped element implies that their value would be
estimated at the center band, which introduces the frequency
limitation of the implementation. The splitting in (13) is
regarded as a degree of freedom for the design of the synthetic
impedance inverter.

C) Synthetic multi-line impedance inverter
bandwidth properties

The plot of Fig. 6 includes the details for the specific imple-
mentation of a 600 MHz QWTL with characteristic imped-
ance of 8 (). It is composed of the cascade two transmission
lines, respectively, with electrical lengths of 65° and 25°,
implemented by opposite strategies. The first is subject to
shortening and results in a line having 17.79 ) and an elec-
trical length of 24.05° with a shunt susceptance of 67.66 mS
at both the ends. The second line results from the lengthening
of the nominal and exhibits a characteristic impedance of
4.59 () and an electrical length equal to 47.35°, with a shunt
susceptance of 67.67 mS. Considering the center frequency
of 600 MHz, the resulting structure is implemented by the
topology shown in Fig. 8(a), where the shunt elements
consist of a capacitor of 17.94 pF and an inductor of
3.92 nH, which is reduced to 2.91 nH to optimize the imped-
ance inverter center frequency. In the actual implementation,
the capacitor represents the device parasitic, or at least a part
of it. The topology of the resulting impedance inverter is
reported in Fig. 8 along with the topology of the compensated
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Fig. 8. Topology of the synthetic impedance inverter of this work (a), and
compensated QWTL by shunt capacitors (b), both implementations
considering the same center frequency of 600 MHz.

QWTL designed by the conventional capacitance absorbing
method [16]. This latter can be considered as the benchmark
of the proposed approach.

The Figs 9 and 10 show the comparison between the input
impedance and reflection coefficient of the two networks in
Fig. 8, along with that of the ideal QWTL (designed at
600 MHz with Z, = 8 )), when the output is terminated to
both 4 and 8 (), respectively. These values represent the termi-
nations involved in the prototype implementation introduced
hereinafter in Section IV. All the impedance inverters have a
characteristic impedance of 8 (), and are analyzed in the
400-800 MHz bandwidth. In particular, Fig. 9 reports the nor-
malized real part of the input impedance in the frequency
range 400-800 MHz for the transformation involved in the
DPA back-off operation, i.e., 4-16 (). From the comparison
we can evaluate the capability of the proposed network to
operate in a fractional bandwidth of 54%, which is twice the
bandwidth of the ideal QWTL, and significantly larger than
the more feasible compensated QWTL, which is limited to
21%. The proposed network in the same frequency band exhi-
bits a maximum phase rotation of +17° to —25° at the oppos-
ite  bandwidth  extremes. ~When considering the
transformation from 8 to 8 () reported in Fig. 10, the ideal
QWTL exhibits no band limitation, while in this case the pro-
posed impedance inverter technique exhibits an operative
bandwidth, which is comparable with the one exhibited by
the compensated QWTL. These results justify the expected
wider bandwidth DPA operation with respect to conventional
implementations.

22
4 - 54% fractional bandwidth >
2.0+ — h T
8 A 5 10% =~ =N
B 1.8————}:-"{ —————— .t e P——
W s
= 169 .77 27% fractional bandwidth g
[ - Py < e s
g 1.4 — it . .
© c ,:, this work > 3 e
O 7 ERP ideal QWTL s
1.0 —+=-=-~ compensated QWTL ~
08 4T T T T T
400 450 500 550 600 650 700 750 800
freq, MHz

Fig. 9. Comparison between normalized simulated input impedances for the
ideal QWTL, the compensated QWTL by shunt capacitors, and the
impedance inverter of this work; transformation Ry = 4 to 16 ().
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A\
compensated QWTL —e—e—-6—
this work ——=—H—"+H—

ideal QWTL

Fig. 10. Comparison between input reflection coefficients for the ideal QWTL
(designed at 600 MHz with Z, = 8 (), the compensated QWTL by shunt
capacitors, and the impedance inverter of this work; transformation R; = 8
to 8 (), frequency range 400-800 MHz.

The synthetic impedance inverter capability to deal with
modulated signal is numerically evaluated in the same condi-
tions adopted in the Section IIB. An ideal DPA implementing
the synthetic impedance inverter hereinabove discussed has
been numerically analyzed, and the DE has been derived as
a function of the drive level and carrier frequency; the
results are reported in Fig. 11. According to the impedance
inverter frequency behavior at the two fundamental states of
the DPA, reported in Figs 9 and 10, we clearly observe differ-
ent behavior with respect of the QWTL based impedance
inverter. Namely, for the same fractional bandwidth values
the DE results ranging between the maximum theoretical
value of 78.5%, and a minimum of 54.6% at back-off, while
a minimum of 31.4% is reached at peak power. It is worth
to note that, in the case of QWTL at back-off the DE is
31.1% at the bandwidth limits. This is of dramatic importance
for the performance of the DPA when driven by modulated
signals with high PAPR.

The DE reported in Fig. 11 has been integrated by the (6)
maintaining the same peak power and the results are shown
in Fig. 12, as a function of the normalized frequency, f/f,. As
in the previous case, from the data we can calculate the

&0

\>(

@
=

o
(=]

—e— | =05
—a— | =0.4
—o— |aff =03
s |Af=0.2
—a— |Af),=0.1
|.\I|-TO=U

Drain Efficiency, (%)
w N
= =]

(1] 0.1 0.2 0.3 0.4 0.6 0.7 0.8 0.9 1

05
£, (a.u.)

Fig. 11. DE for an ideal DPA implemented with the synthetic multi-line
impedance inverter designed at f, with Z.=R,,, as a function of the
fractional bandwidth |f — f,|/f,, and drive level &
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Table 2. Bandwidth and average DE for ideal DPA implementing the syn-
thetic impedance inverter.

PAPR (dB) Fractional bandwidth (%) Average DE (%) at f,
3 38.4 71.9
6 47.3 68.7
7-5 50.8 65.7
9 54.0 62.5
10.5 56.8 59.5
CW 56.3 78.5

bandwidth following the accepted criteria of 10% relative
average DE drop at the band edge. The calculated bandwidth,
along with the maximum average DE is reported in Table 2.
When compared with the data in Table 1 we observe that
the average DE at the design frequency remains unvaried;
for the case of PAPR = 3 dB the proposed technique leads
to a reduction of performance, while from PAPR = 6 dB
and higher the improvement of fractional bandwidth is sig-
nificant, for instance, for PAPR = 9 dB the improvement is
about the 16%.

V. BROADBAND DPA PROTOTYPE

The technique discussed hereinabove has been adopted for the
design and the development of a prototype around Infineon’s
PTVAo042502FC Si LDMOS transistor operating over 475-
806 MHz. The devices are biased at 50 V. The main in quies-
cent state exhibits a drain current of 0.4 A, while the peak is in
deep class-C operation. The architecture of the DPA proto-
type is schematically shown in Fig. 13, where the two-line
impedance inverter is connected between the main device
and the summing node, while, between the peak device and
the summing node, a matching network adapts the common
load impedance to the optimum impedance of the peak
device. The impedance inverter is the one discussed in
Section IIIB with its implementation reported in Fig. 8(a).
Finally a multi-section broad band output matching

80
75
70+
< 65 A g N
o 60 2\
>
g 65 —=—PAR= 3dB 1
2 50/ ——PAR= 6dB
PAR = 7.5 dB
45 PAR= 9dB
' ——PAR = 10.5dB 1
40, —e—CW at BO ;

L. . . ]
3

3.5 06 07 08 09 1 11 12 13 14 15
Normalized frequency, (a.u.)

Fig. 12. Average DE performance for an ideal DPA implementing the
synthetic impedance inverter, versus normalized frequency f/f,, for
modulated signals at different peak-to-average ratio (PAR) and same peak
power. For comparison it is also reported the case of CW signal at back-off
power.
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Fig. 13. Topology of the broadband DPA with synthetic multi-line impedance
inverter.

network transforms the 50 () load to the optimum common
termination at the summing node [22].

The optimum device terminations are estimated by load-
pull analysis, from which we estimate a total output parasitic
capacitance C, = 25 pF. Assuming this value composed of
two parts, C, = C,, + C,,, (cfr. Fig. 13), a contribution of
18 pF is absorbed by the synthetic impedance inverter (see
C,, in Fig. 13), while a residual parasitic capacitor, C,, =
7 pF, remains in parallel to the main device output. This
choice is motivated by two needs: the first is related to the
feasibility of the absorbing technique, which is ruled by the
(9) and that imposes a maximum value of parasitic capaci-
tance absorption given the frequency and the characteristic
impedance of the nominal transmission line; the second
factor is related to the beneficial effect on the DE of shorting
the current harmonics. Instead, for the peak device, the load-
pull analysis has been performed by considering the actual
intrinsic device. The results of the two load-pull analyses are
reported in Fig. 14, for the center frequency of 600 MHz.
From the data we estimate an output delivered power of
51.5 dBm on the termination of 8.3 + j4.3 )} for the main
device, while for the peak device we estimate 50.4 dBm of
delivered power on a load of 7 — jo.9 {). The difference
between main and peak optimum impedances is due to the
different operation.

The device output capacitance for the peak is estimated at
30 pF, with the bonding and package parasitic not significant-
ly affecting this value; the package is taken into account for the
design of the peak matching network design. For the purpose
of the complete output combiner design, the summing node
impedance is fixed at 4 ) across the entire bandwidth. The
output combining network, which includes the bias networks,
the actual layout geometries, and the compensation of the
residual parasitic capacitance, has been optimized starting
from the two-line impedance inverter dimensioning depicted
in Fig. 8(a). The use of a multi-objective routine optimizes the
performance across the bandwidth by compensating the non-
idealities of the transmission lines bend, their junctions and
the package influence.

The resulting simplified schematic of the output network is
shown in Fig. 15 along with the nominal values of the critical
parts. In the figure, TL,, TL, and L, along with part of the
device parasitic implement the impedance inverter. In the
same figure, TL, and L, implement the peak device matching
network capable of transforming the optimum termination in
Fig. 14 into the summing node common impedance, taking
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Zimain = 8.3+4:30

Zpeak.=.7-0.90

Fig. 14. Load pull analysis at 600 MHz, for the main and peak devices
considering a residual drain capacitor of 7 pF for the main device, while for
the peak device the data are referred to the intrinsic device drain current
generator.

account of the device and package parasitics. The implemen-
tation of the circuit is on a plastic laminate substrate with
dielectric constant &, = 3.5 and 10 mils thickness. The simu-
lated behavior in terms of CW DE across the bandwidth (not
reported) shows that the peak power reaches 55 dBm with a
DE of 65%. At 6 dB back-off, the DE reduces due to the imper-
fect operation of the impedance inverter, and for the same
reason the DE shapes spread between 40 and 50%.

The input network provides a two-stage symmetric
Wilkinson power divider, which enables more accurate
control of the phasing between peak and main across the
bandwidth. This network has been optimized to maximize
the amplitude and phase-alignment between peak and main
output currents at the summing node point at the
maximum drive level. The amplitude mismatch of the
designed input network is within 1.5 dB, while the nominal
phase difference is 9o + 15° across the bandwidth. In
Fig. 16 we show the photograph of the assembled prototype,
used for the RF test hereinafter introduced.

B s i i impedance

main device bias inverter TL2

peak device bias

summing
node

TL3

peak dev.
matching net.

A
-
[\ ]

-

Fig. 15. Detailed schematic of the DPA output combiner. L, = 2.91 nH L, =
8.2 nH; TL,: width/length 3.8/4.2 mm; TL,: width/length: 4.5/1.6; TL,: width/
length: 8/4.3.
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Fig. 16. Photograph of the DPA prototype based on the PTVAo042502FC Si
LDMOS operating in the 450-806 MHz range implementing the multi-line
impedance inverter.

V. PROTOTYPE EXPERIMENTAL
RESULTS

The characterization of the prototype considers both a pulsed
CW characterization and a DVB-T signal composed of 8 k
sub-carriers orthogonal frequency-division multiplexing
(OFDM), with 64 quadrature amplitude modulation (QAM)
and one channel with 8 MHz bandwidth. The input signal
PAPR is 10.5 dB. The signal bandwidth of concern is the
one referred to the broadcast application.

A) Large signal pulsed CW characterization

The pulsed CW characterization of the prototype is performed
with an RF pulse width of 100 ps and 10% duty cycle; the
resulting measured pulsed CW DE is reported in Fig. 17 as
a function of the output power, across the 500-8oo MHz
bandwidth. The DE shows a peak of 62% at 53.9 dBm mea-
sured at 750 MHz, while the peak power of 54.9 dBm to
which a DE of 54.5% corresponds is measured at 650 MHz.
The DE reported in Fig. 17 at 6-dB output back-off spans
form a minimum of 36.7% at 500 MHz to a maximum of
48.2% at 750 MHz. The Fig. 18 reports the power gain as a
function of the output power, where a maximum is observed
at all the measured frequencies. For the entire set of test fre-
quencies, the gain expansion, due to a possible input mis-
match of the main device, and the following compression
are responsible of the observed reduction of the output
power range, within which the DE remains about its
maximum value.

F 5 500 MHz . Y o
—6—550 MHz _

& 45 |——800 MHz

C 40} |—5—8650 MHz
5| 700 MHz 7
—7— 750 MHz =

5.95 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 5B
Pout (dBm)

Fig. 17. Measured DE versus output power in pulsed CW for several carrier
frequencies.
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Fig. 18. Measured power gain versus output power in pulsed CW for several
carrier frequencies.

B) DVB-T modulated characterization

The test of the DPA prototype performance for DVB-T oper-
ation is carried out by the use of a DVB-T signal exciter. The
set of input signals considers carriers spanning 475-850 MHz;
the signal PAPR is 10.5 dB. All of the following data points are
measured with a constant PAPR at the Doherty output of
7 dB, which corresponds to 3.5 dB of output level compres-
sion for each frequency point within the observed bandwidth.
In Fig. 20 we report the corresponding average power as a
function of the DVB-T carrier frequency. From the figure
we observe that the maximum average power of 50.3 dBm is
reached at 750 MHz, while across the bandwidth the average
power remains within 49.3 dBm + 1 dB. The values of the
average power reported in the figure correspond to the
maximum power at the prototype output, regardless of any
other linearity concerns; in these cases the ACPR is slightly
better than 20 dBc.

The corresponding values of the average DE are reported in
Fig. 21. The maximum of 53% is obtained at 750 MHz, while
the minimum of 40% is reached at 470 MHz. The 13% vari-
ation of the DE is considered an acceptable spread for prac-
tical applications; nevertheless, more effort in the
optimization might lead to a flatter response. Recalling the
theoretical analysis reported in Fig. 12 and summarized in
Table 2 we observe that for PAPR = 10.5 dB an estimated

Fig. 19. Photograph of the broadband push-pull PA prototype designed by
using the same device and adopted to benchmark the DPA prototype
performance.
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Fig. 20. Measured average output power as a function of the carrier frequency.

average DE of 59.5% is expected, which should be considered
as a performance benchmark , and represents an overesti-
mation due to the non-idealities of the DPA not included in
the analysis conducted in Section IIIC. The maximum
shown in Fig. 21 results shifted at slightly higher frequency
due to the effect of the DPA power gain, shown in Fig. 22,
also shifted of the same amount due to imperfect matching
of the input stage. The large signal power gain reported in
Fig. 22 exhibits a maximum of 18 dB at 750 MHz and a behav-
ior very similar to the trend seen for the DE, thus confirming
that also the gain feature requires an optimization versus the
frequency band.

For a more comprehensive evaluation of the DPA perform-
ance, we provide the gain, DE and adjacent channel power
ratio (ACPR) obtained by a push-pull PA designed using
the same LDMOS device. The prototype photograph for the
push-pull PA is provided in Fig. 19. The measured data for
the DE, power gain and ACPR, under the same DVB-T exci-
tation, are reported along with those of the DPA, respectively
in Figs 21-23. The selection of a push-pull PA as a benchmark

@
=3

—=— Doherty PA
—o— push-pull PA

8 8

35t 1

Drain Efficiency (%)
F
=

2 L L
EDD 450 500 550 750 800 850 800

600 60 700
freq, (MHz)
Fig. 21. Comparison between measured average DE as a function of the

carrier frequency for both the DPA and the push-pull prototypes developed
with the same devices.

—a— Doerthy PA
12 —8— push-pull PA

1200 450 500 5%0

600 650 700 750  BOO 850 900
freq, (MHz)
Fig. 22. Comparison between measured gain as a function of the carrier

frequency for both the DPA and the push-pull prototypes developed with
the same devices.
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Fig. 23. Comparison between measured ACPR as a function of the carrier
frequency for both the DPA and the push-pull prototypes developed with
the same devices.

for the evaluation of the DPA design provided in this work is
mainly motivated by the widely recognized characteristic of
this design to provide a high-power level in a broad band
due to the mechanism of doubling the output termination
and thus reducing the output Q-factor of the output matching
network. The comparisons show that the DE exhibited by the
push-pull PA is constant across the bandwidth at about 28%,
which is between 12 and 24% lower than the DPA prototype
values. As expected, the inherent linearity of the DPA is worse
than the raw linearity of the push-pull linearity. This is
demonstrated by the ACPR raw data for the two prototypes
shown in Fig. 23, which reports values for the push-pull that
are on average 10 dB better than those of the DPA. These
comparisons provide a qualitative, although meaningful,
evaluation of the quality of the DPA design introduced in
this paper.

C) Linearized DPA evaluation

The prototype is evaluated in a laboratory digital pre-
distortion (DPD) platform supporting a bandwidth of
150 MHz. The platform consists of a vector signal generator
for stimulus generation, a signal analyzer for capturing the
feedback signal, and a host machine for system identification
and stimulus pre-distortion using an indirect learning archi-
tecture implemented in MATLAB. The test signal adopted
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X i a7.808m |i linearized ||

L £ ] ol | e raw
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I | E i I I
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= .50 L ...t L i r -:‘g.. fendd 4
£ I j [ i HH I I
% I X i ) P‘.&_ Il i |
= | -432dBc 4 i Fiay 43908 |
UD') -60 1 1 F t -2 F%i. 4 1
o | 1] 1’?,% |
i I | ias |
I ||

-52.608c ! © ! sradee '
| -55.9dBc I H I I '5_4'108‘: I
I I H 1} I i I
90 i i i i m HETI |

730 735 740 745 750 755 760 765 770
frequency (MHz)

Fig. 24. Spectrum about the carrier of 750 MHz with memory digital
pre-distortion; bandwidth = 7.61 MHz, output PAPR = 7 dB.
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Fig. 25. AM/PM (a) and AM/AM (b) distortion for a DVB-T signal with
carrier at 750 MHz before and after pre-distortion; with memory digital
pre-distortion; bandwidth = 7.61 MHz, output PAPR=7dB and total
channel power of 47.8 dBm.

in the following set of experiments is the same as already pre-
sented in Section VB, though with different carrier amplitude
levels in order to meet different energy efficiency versus lin-
earity trade-offs. For all experiments, a generalized memory
polynomial model [23] of order 9 with memory 5 and
envelope-lag 1 is used.

'20 5 s e
| 1
: | ,: 46.2dBm
-30 | A '
| i I
| { 1
-40 k- + Heeeet -
I | I
’Ir? ] P
7] j
S b i LM
Q 60 et
o | £ "o
| -50.7dBc_ ”jv‘ﬁ
=70 - Laf ‘.‘-” Bl S
| |
| "
-80 3 !
-90 | I I I II: - 1 1
630 635 640 645 650 655 660 665 670
frequency (MHz)

Fig. 26. Spectrum about the carrier of 650 MHz with memory digital
pre-distortion; bandwidth = 7.61 MHz, output PAPR = 7.5 dB.
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Fig. 27. AM/PM (a) and AM/AM (b) distortion for a DVB-T signal with
carrier at 650 MHz before and after pre-distortion; with memory digital
pre-distortion; bandwidth = 7.61 MHz, output PAPR= 7.5dB and total
channel power of 46.2 dBm.

Two showcases are herein reported as representative of the
prototype performance, and are of specific interest for the
DVB-T applications. The first result, shown in Fig. 24, is a
test with 60 W target power at a carrier frequency of
750 MHz. In this case, the output PAPR is equal to 7 dB and
the DPD makes it possible to achieve better than —51 dBc of
ACPR measured at 8 MHz offset. In this case, the total
average output power is 47.8 dBm with a system average DE
of 44.3%. It is worth to note that the power level is 2.5 dB
lower than the average power reported in Fig. 20 for 3.5-dB

of power compression. Before the application of the DPD the
ACPR results —27.3 dBc, while for a better comprehension of
the inherent DPA linearity, the AM/PM and AM/AM curve
in the envelope domain are reported in the Fig. 25. The result
of the second showcase, reported in Fig. 26, considers a high-
linearity case with PAPR = 7.5 dB at the carrier frequency of
650 MHz. In this specific case, the output power is of
46.2 dBm with an ACPR of —58 dBc, while the resulting DE
is 30.6%. For this test case, should be noticed that the power
is 3.5 dB lower than the average power reported in Fig. 20. It
results that, before the application of the DPD the ACPR
results —33.73 dBc, while for a better comprehension of the
inherent DPA linearity, the AM/PM and AM/AM curves in
the envelope domain are reported in the Fig. 27. The discussed
showcases demonstrate that the prototype is suitable for inclu-
sion in a DPD platform with a significant expectation of linear-
ity performance, while preserving output power and energy
efficiency.

VI. CONCLUSION

The work presented in this paper has shown the development
of a broadband LDMOS DPA, whose optimization is enabled
by a two-line impedance inverter capable of absorbing most of
the parasitic main device output capacitance. The measured
performance with an 8 MHz DVB-T 10.5 dB PAPR signal
has shown a 475-806 MHz bandwidth. Across the bandwidth,
the PA exhibited more than 48.3 dBm of average output
power with between 40 and 53% of average DE. Under the
action of a memory DPD the prototype exhibits —52 dBc
ACPR, with more than 60 W output power and 44.3% effi-
ciency at the carrier frequency of 750 MHz. Both with and
without DPD, the PA shows more than 50% efficiency
enhancement compared with a standard class AB push-pull
PA built around the same device. The prototype performances
are compared in Table 3 with recently reported results for
wideband DPAs in Si-LDMOS technology. From the
Table we observe that [19] and this work present the widest
fractional bandwidth reported in the literature. In addition,
with respect to [19], which adopts a larger device, namely
700 W versus 280 W, this work reports a lower output
power back-off with respect to the peak power, namely
6.7 dB versus 8 dB, and maintains simultaneously a better lin-
earity, namely —s52 dBc versus —45 dBc.

Table 3. Comparison with LDMOS Wideband DPA.

CW measurement

Modulated signal measurement with pre-distortion

Ref. Freq. Gain  Bandwidth  Peak Average DE  Signal Input  Pout Back-off Average ACPR
(MHz) (dB) (%) Pout at 6-dB bandwidth PAPR  (dBm)/ (dB) DE (%) w/DPD
(dBm) back-off (%) (MHz) (dB) output (dBc)
PAPR (dB)

[12] 2250-2550 14.1 12.5 50 41 3.8 7.8 42/- 8 37 —50

[21]* 1930-1995 - - 55.4 - 80 6.5 45.6/- - 43.6 —47

[18] 790-960 20.5 19.4 55.4 49 50 7.3 49.6/- - 48.2 =59

[16]F 1700-2300 13 30 42 48 - - - - - -

[19] 470-806 16.5 52 58.6 44.5 9.5 50.6/8 8 38-47 —45

This work  470-806 >14.7 52 54.5 45.2 8 10.5 47.8/7 6.7 44.3 —52

*Wideband envelope.
tMixed-signal dual input drive.
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