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Abstract — This paper presents a polar transmitter pre-
distortion technique validated with 2.5G mobile communication
signals. The methodology used, [1], complements the drain bias
modulation with a proper input drive level variation. This
technique is believed to improve the linearity, while maintaining
the efficiency of such transmitters, and it was validated in a real
laboratory test setup.

[. INTRODUCTION

Nowadays, wireless communication systems use complex
modulation formats where amplitude and phase signal
components are combined to code the original source
symbols. The performance of these state-of-the-art systems is
dominated by the stringent compromise between spectral and
power supply efficiencies, [2]. In the traditional transmitter
architectures, the RF power amplifier (PA) has to process an
amplitude and phase modulated carrier. So, this Cartesian
architecture, suffers from an important drawback in power
supply efficiency because high fidelity of the amplitude
modulation format requires a highly linear but inefficient
class A or AB PA.

This opened the door to the dawn of a new transmitter (Tx)
paradigm, represented by the polar architecture. In a
conventional polar Tx, [based on the envelope elimination
and restoration (EER) or Khan amplifier [3]], shown in Fig.
1, the envelope is first eliminated by a limiter, to guarantee
that the PA is driven by a constant envelope phase-modulated
RF carrier, while its output is amplitude modulated via the
drain voltage signal, vpp(t), according to the input envelope
amplitude evolution. Since the PA can always be kept in
saturation, it can be operated in a highly efficient class-E or
class-F switched-mode (SM). Therefore, unbeatable levels of
linearity and efficiency are expected from these Txs.

This EER technique led to the polar Tx, in which the
amplitude and phase signals are independently treated until
the last stage, the RF PA, Fig. 2. Thus, for efficiency reasons,
similar to the ones presented for the EER architecture, this
must be a SM device, operating in a highly efficient class-E
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or F mode whose excitation is a constant envelope modulated
carrier, while the amplitude is dynamically restored through
its supply voltage.
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Fig. 1. EER Architecture.
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Fig. 2. Polar Transmitter Architecture.

In theory, such a Tx architecture would be 100% efficient
and ideally linear. However, there are a series of system,
circuit and device level reasons that justify why this cannot
be met in practice [4]. In what the linearity is concerned, we
can see that the SM RF PA, will present a nonlinear Vpp-to-
Vout characteristic.

Fig. 3 presents that characteristic for an HEMT based
Class-E PA where is possible to see that, for vanishingly
small vpp values, there will be a non-zero Vg This
phenomenon is due to the carrier feed-through (usually
attributed to the RF carrier leakage via the input-output
capacitance). For higher Vvpp values the Vpp-to-Voy
characteristic presents a certain degree of nonlinearity,
typically determined by the transition between the switched
and the current mode operation regimes, resulting in a
slightly compressed AM/AM plot.
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Vpp(t)-to-Vou(t) characteristic of a Class-E RF PA.

Fig. 3.

After having identified the linearity impairments, we can
now concentrate on the efficiency. In this case, the issue is
related to the undesirable instantaneous negative power
added efficiency (PAE) that results when the amplitude
envelope vanishes or is very small, which leads to a poor
average PAE.

The idea is to use some kind of linearization technique
capable of solving the above mentioned problems.

II. LINEARIZATION PROCEDURE

Using the method presented in [1], that combines power
supply modulation with a not-always-constant envelope
driving signal, the Vj,(t) range is now divided in two distinct
regions of operation.

For its highest values, and in order to maximize the time in
which the PA is operated in SM, optimizing PAE, a constant
Vy(t) drive in applied to the RF PA input (EER operation) and
a pre-distorted Vpp[Vis(t)] modulation is employed.

For vanishingly small vpp values, this EER operation is
complemented with envelope tracking (ET), selecting a
proper Vg[Vin(t)] variation to overcome the carrier-feed-
through nonlinearity and instantaneous negative PAE.
Finally, the characteristics are also accompanied by
amplitude and phase linearization functions to compensate
for any residual AM/AM and AM/PM nonlinearities. The
design procedure can be summarized as follows:

The first step must be the characterization of the SM PA:
Vout(Vpp,Vg) and dou(Vop,Vg) curves leading to the selection of
the maximum allowed excitation level that guarantees an
EER operation, Vg m. The high end of this Vou(Vop,Vg m)
characteristic will have to be linearized, defining the vpp(Vin)
voltage supply pre-distorter function. After that, the crossed
Vout(Vop,Vg) characteristics, in the low end of the Vou(Vop)
straight line, will be identified and the V4(Vpp), and thus
Vg(Vin), amplitude pre-distortion function determined. Finally,
the ¢@(Vin) phase pre-distortion function from the @u(Vpp,Vg)
plots will be determined, using the Vg(Vpp) and Vg(Vin)
functions.

Fig. 4 presents the linearization technique schematic
representation.
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Fig. 4. Linearization technique schematic representation.

III. EXPERIMENTAL SETUP

In order to validate the proposed pre-distortion method, we
assembled a complete polar transmitter in the RF laboratory.
Fig. 5 presents a schematic of the implemented test setup.
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Fig. 5. Implemented test setup.

In this bench, two Agilent E4438C vector signal generators
(VSQ) are used to obtain the desired estimated Vpp(t) (in one
of them), and vy(t) and ¢yt) signals (in the other). The output
signals, either in frequency or in time domain, were obtained
using Agilent’s 89600 vector signal analyzer (VSA).

In what PA SM classes of operation are concerned, Class-E
configuration, invented in 1975 by Sokal [5], has become the
most popular and effective one. In terms of transistor
technology, Gallium Nitride (GaN) HEMTs have already
conquered their space because of their outstanding
characteristics (high breakdown voltage, high power
capabilities, high f, low input capacitance, manageable
output capacitance and low ON-state resistance, Rop)
converting them into ideal solutions to implement SM PAs.

Our Class-E amplifier was designed following the
transmission line topology proposed in [6]. The chosen
transistor was a 15W GaN HEMT, from Cree, (model
CGH35015F) and, as it can be seen in Fig. 6, which presents
a photograph of the implemented PA, a drain biasing path
was prepared to insert the low frequency envelope signal.

A PAE of 71% for an output power of 15 W was obtained
when the device was biased at Vgs=-2.8V and Vps=28V.



Fig. 6. Photograph of the implemented class E PA based on
Cree CGH35015F GaN HEMT.

Fig. 7 a) and b) present the Vou(Vpp,Vy) and dou(Vop,Vg)
characteristics of this particular RF SM PA. According to
what was described in [1] and to the linearization procedure
description presented in Section II of this paper, the
identification of these  Vou(Vop,Vg) and  @ou(Vop,Vg)
characteristics constitute the first step of the linearization
procedure.
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Fig. 7. a) Vou(Vop,Vg) and b) ¢ou(Vop,Vg) curves of the
designed GaN class E PA.

The GaN class-E PA imposes very stringent requirements
to be achieved by the envelope amplifier: high drain current
(~1A) and a high drain voltage (30V). Moreover, as it is
extendedly known, a wide bandwidth is required in the polar
transmitter AM modulator. On the other hand, considering
the maximum voltage provided by the digital signal generator
(1V), the envelope amplifier has to provide a high voltage
gain.

Taking into account all these characteristics, two cascade
non-inverse amplifiers were implemented. The envelope
amplifier is mainly based on a high slew-rate (900V/us), high
current (4A) and high voltage (+40V) operational amplifier
from Apex Microtechnology (PA119). Therefore, the
complete envelope amplifier presents a 30dB gain, 10MHz
bandwidth and is capable of giving 30V and 1.2A.
Unfortunately, being a continuous wave amplifier, its
efficiency is not in line with the other characteristics.
Nevertheless, since our goal is to study the viability of the
proposed linearization technique, we incorporated it in our
final test setup.

IvV. SIMULATED AND EXPERIMENTAL RESULTS

Both simulation and experimental results were obtained
using a 2.5G GSM EDGE signal as input excitation (8PSK,
270.83ksym/s and 3.23dB of peak to average power ratio).

In order to evaluate the capabilities of this method, two
different test sets were chosen:

(i) EER: In this case, Vg4 is a constant envelope phase
modulated RF signal and vpp is an amplified version of the
input signal envelope;

(ii) PD: In this case both v and Vpp are pre-distorted signals
obtained from the measured amplitude and phase
characteristics of the amplifier, applying the proposed
linearization technique, presented in Section II.

The first validation step was conducted using a commercial
system/circuit level simulator where the two above described
test sets (EER and PD) were carefully reproduced.

Fig. 8 presents the output spectra for the EER and pre-
distorted cases, obtained by simulation.
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Fig. 8. Simulated output spectra for EER and PD.

As it can be observed, in the pre-distorted case, there is a
significant improvement in terms of distortion, while
maintaining the output power and efficiency.



These simulated results were then validated with laboratory
measurements to completely prove the viability of the
proposed methodology for EDGE polar transmitters.

Table I presents a performance comparison between the
EER and PD cases. Results include output power (Pout),
PAE and normalized mean square error (NMSE) figures of
merit. The mean PAE is calculated as the statistical average,
<PAE(t)>, obtained from the instantaneous input, output and
power supply powers delivered to the PA and the RF load.
On the other hand, considering that both the input and output
time domain signals are stored in two vectors with N samples
each, the NMSE was estimated employing the following
expression (1).

N
Z|Vout(n)_k'vin(n)|2
NMSE(dB) = 10log,o| =— (1)

Z'k “Vin (n)|2

n=l1

This figure enables evaluating the fidelity of the obtained
output signal, Vou(t), with respect to the desired one, k-viy(t).

Table I
Performance comparison between EER and PD
Pout <PAE(t)> NMSE
EER 39.0dBm 68% -28.4dB
PD 38.7dBm 68% -35.2dB

In this case, the pre-distorted PA presents a normalized
mean square error (NMSE) improvement of more than 6.5
dB, maintaining the output power (Pout) and average power
added efficiency (<PAE(t)>) figures, when they are
compared with the ones obtained with the EER PA. Fig. 9
shows the measured output spectra for the EER and PD
cases.

30

T
* EER

20+ Pre-Distorted f

10

oL

10+

20+

P oy [dBmM]

30+

40

50F

-60 ]
899.4 899.6 899.8 900 900.2 900.4 900.6

freq [MHZ]
Fig. 9. Measured output spectra for EER and PD.

As it was first indicated by the results obtained with the
two-tone analysis presented in [1], this linearization
technique proved to be an important step towards a more
linear and efficient polar transmitter, now tested with a 2.5G
GSM EDGE input signal.

V. CONCLUSION

In this paper, the implementation of a polar transmitter
linearization procedure has been presented for a 2.5G GSM
EDGE mobile communications signal. The used method
complements the drain bias modulation, vpp(t), of
conventional EER technique with a proper input drive level
variation, Vy(t). Good Pout, <PAE(t)> and NMSE results have
been measured when the proposed pre-distortion technique
has been applied to an EDGE signal.
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