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HIGHLIGHTS

¢ Digital pre-distortion allows a concurrent dual band communication system to improve the efficiency
guarantying the linearity.

e DPD saturation applied for dual band transmission improved the PA efficiency about 8 p.p.
e With DPD saturation for dual band transmission, the lost in EVM metric was less than 1 p.p.

e Sum and division approaches for dual band DPD saturation showed similar performances.

Abstract: Current wireless communication systems demand high data transmission throughput. To comply
with this requirement, multiple concurrent communication channel usage are an option. The digital pre-
distortion associated with the power amplifier (PA) in high suppression guarantees the linearity and maximum
efficiency for a single transmission. However, reaching a high output transmission power using more than
one band is not possible because the traditional pre-distortion cannot accept a saturation level. This work
focuses on showing an approach for a dual-band transmission with an equivalent envelope saturation that,
contrarily to previous dual-band crest factor reductions from literature based on only amplitude information,
also takes into account the phase and frequency information. The introduced idea was tested by linearizing
a broadband power amplifier for two-carrier, ieee802.11n at 2.4 GHz and LTE at 3.5 GHz, concurrent
transmission. Simulation results in the Cadence Virtuoso software showed gain of up to 8.8 percentage points
(p.p.) in the PAE metric controlling with loss less than one p.p in EVM metric.

Keywords: Power amplifier; digital pre-distortion; concurrent transmission; efficiency; saturation.

INTRODUCTION

The main challenge for the current wireless communication systems is maintaining linearity, efficiency
and high throughput simultaneously [1-6]. In the transmission system, the power amplifier (PA) is critical for
linearity and efficiency due to its high DC power consumption and its non-linear behavior [7-8]. To operate in
an efficient region the linearity is compromised, and to be linear the efficiency is compromised, which
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generates a compromise between power efficiency and linearity [7,9]. The situation can be worsened for a
high broadband PA because of the non-constant frequency behavior [10-11].

In a concurrent transmission, the usage of a single PA to operate in very broadband with more than one
band simultaneously is desired to save power consumption. However, a treatment technique is mandatory
[12]. The literature presents digital pre-distortion (DPD) as a good scalable and efficient way to transmission
system linearization [5]. The DPD is a baseband block added to PA distortion compensation implementing a
behavioral mathematical model [1,5,7], for example, polynomials from the Volterra series [13].

On the one hand, to achieve a high output data rate, the usage of multi-protocol and multiple
communication channels is an option [14-15]. On the other hand, an efficient transmission system needs to
operate with high power and attend to all communication systems. A PA with great broadband is an option
that can attend this demand. Despite being efficient, the linearity of these transmitters is compromised due
to the high transmission levels and nonlinear frequency PA behavior. In this case of concurrent band
transmission, the digital pre-distorter (DPD) block, inserted in the baseband, can compensate accurately for
the linearity of the transmitter [12]. However, the main problem of this approach is the limited output mean
power, due to the distortion limit. For a single band, the DPD saturation is a recent option that allows
increasing the transmitter output mean power controlling the distortions up to the standardization limits [16-
17]. To attend to this demand, this manuscript introduces an approach of DPD saturation to dual-band
transmission.

DPD implementation for current radio communication systems, as well as two-carrier transmission, are
objects of recent research. References [22-24] contribute to dual-band DPD usage, as well as [25-28]
approach peak-to-average power ratio (PAPR) problems for RF transmission. References [25] and [26]
contribute with techniques for PAPR reduction applied for dual-band transmission. By on the one hand, [25]
introduces an analysis of dual-band equivalent envelope and resumes it to the worst case, where the
equivalent envelope is obtained using only amplitude information. On the other hand, [26] applies dual-band
crest factor reduction (CFR) in a dual-band transmission with DPD implementation. But similar to [25], [26]
used the PAPR in the worst case and the tests were done with carriers that are closed to each other.

This work contribution is a mathematical signal treatment that allows the traditional DPD, using the
saturation procedure, to be applied for dual-band transmission. The approach of this manuscript is very
similar to CFR, which has as its goal PAPR reduction. In this context, this work differs from [25,26] mainly in
two aspects. First, the equivalent envelopes for both channels consider the phase and the frequency
contributions. In other words, the equivalent envelope does not work in the worst case, which can optimize
the channel power. Second, the tests are performed in a scenario with carriers that are distant from each
other, with a frequency separation in GHz order.

MATERIAL AND METHODS

A radio frequency (RF) transmission signal can be represented by a real part of a complex baseband
signal shifted to the carrier frequency. The carrier and the random phase of the carrier are constant. Thus, if
the bandwidth of the baseband signal is much smaller than the carrier, then the PA behavior can be modeled
by a baseband model [1,5,7,12]. In the scenario of multiple carriers, each channel is modeled by its own
equation, but each output channel has inputs from other channels. For example, in a scenario of two
channels, the output of channel 1 has information from input channel 1 and influences of input from channel
2 simultaneously.

Let s(t) be the RF signal of two carriers
s(t) = R[x, (1) exp(jw, £) + x,(t) exp(jw,t)], (1)
where x; and x, are the baseband signals of two carriers, respectively. The two-dimensional improved
memory polynomial (2D-IMP) [18] models the PA or DPD behavior for both channels as follows

y1(n) = XE23¥M_ h$D xy (n — m)|xy (n — m)IP +

Q-1p-1 M (2)
Y H i = mly (= )y G = P,
q=0 p=1m=0

y2(n) = TEZATM_ b x (n — m)lay(n — m)|P + ®)
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Q-1p-1 M

D H = mla (= mllx (= mI?,

q=0 p=1m=0

where M is the memory length, P is the in-channel nonlinearity, Q is the concurrent channel nonlinearity
interference, x; and x, are the input of the channels 1 and 2, y; and y, are the output of the channels 1 and
2, respectively, and h is the adjustable parameter. Due to the linearity in its parameters, each channel of the
2D-IMP model can be rewritten as a linear form of type

y() = x(mh, @

where y(n) is the output, x(n) is a row vector that has all model inputs for time instant n, and h is a column
vector with adjustable coefficients. Due to the model linearity in its parameters, the vector h can be extracted
using a linear methodology, for example, the least squares (LS) [19] with two iterations of indirect learning
architecture [20-21].

Dual-band transmission contextualization

This section revisits the mathematical description of the signal which is amplified by a concurrent dual-
band PA. As shown by (1), the transmission signal has two envelopes for w; and w, carriers. Both carriers
can be rewritten by an offset of a central carrier

Wy + w,
w=—"" ®)
thus, each carrier has an offset of Aw, where
Aw=22"21 6)
2

Replacing w; by w — Aw and w, by w + Aw, then (1) can be replaced by

s(t) = R[(x, (t) exp(—jAwt) + x,(t) exp(jAwt)) exp(jwt)]. )
Now, the complex envelope x(t) carried by w can be defined as

x(t) = x; exp(—jAw) + x, exp(jAw). (8)

The complex envelope x(t) centered in w has contributions of x; (t) shifted from —Aw and x,(t) shifted
from Aw in frequency. If both components of x(t) have only dynamic contributions of x; and x,, being
exp(—jAwt) and exp(jAwt) only frequency offsets, the dynamic contribution of x(t) will also have only x; and
x, dynamics. If the premise of dynamically is true, then the same sampling frequency f; of x; and x, can be
used to x(t) without information lost. Soon

x(n) = x;(n) exp <_M M)_

3 > + x,(n) exp ( 3 9

Some information is considered true at this moment. First, the generic envelope x(t) can be subsampled
at baseband f;; second, the mixers for x; and x, have the same phase alignment; and third, the mixer phases
are constant and well known by the pre-distorter processor.

Saturation approach for dual-band transmission

A saturation methodology for single-band transmission has been introduced in [16] and improved in [17]
including a phased treatment. The improvement needs to be used when the PA shows a phase change in a
high suppression gain. However, for a low-phase change, the first version works well as expected. Applying
the saturation in the general envelope x(n) with amplitude L, the new signal x.(n) is

x,(n) = { x(n), if [x(n)] <L }

Lexpjzx(n), if [x(n)| > L (10)

For one band transmission, after the saturation process, the signal x.(n) receives a distortion and a
frequency offset to the transmission carrier. However, for two-band transmission, the distorter actuates only
for x; or x, envelopes. Hence, the excess |x(n)| — L pruned in x.(n) has to be imposed in x; and x,. In
other words, x.(n) is composed of x;.(n) and x,.(n). In the following, two approaches will be introduced to
have x;.(n) and x,.(n).
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Sum approach

Let z(n) = |x(n)| — L when |x(n)| > L. In the sum approach each channel applies the half part of the
excedent keeping the original phase as

x,(n), iflx(n)| <L
X1c(n) = {(le(n)l — @) exp(ijl(n)), if |x(n)| > L} (11)
and
x,(n), iflx(n)| <L
*2e(n) = {(Ixz(n)l - Z(Z—”)) exp(jzx,(n)),  if|x(n)| > L}' (12)
Division approach
Let z(n) = 'x(Ln)l, when |x(n)| > L. Then each channel envelope receives
x4, (n), iflx(n)| <L
*1e(m) = {’;1(%), if [x(n)| > L} (13)
and
x;(n),  iflx(m)| <L
Xoc(n) = {xzz(:l))' if |x ()] > L}- (14)
Whenever this approach is fulfilled, when |x(n)| > L the signal reduces to L exp(ij(n)) as:
a2l QN 1CONE 1)) = Lexp(jzx(n)). (15)

zn)  z(n)  |x(m)|/L

The complete diagram implementing a saturation process for dual-band transmission is shown in
Figure 1. The original signals to be transmitted, x; (n) and x,(n), are used to the Env block, responsible to
get the general envelope around the mean carrier w and sending the excedent z(n). The Sat blocks
implement the saturation to each band using one of the sum or division approaches. The resulting signals
x1.(n) and x,.(n), which have the saturation implemented, are then distorted by the DPD block using the
2D-IMP as known in the literature resulting in x;.(n) e x;.(n) signals.

x1(n)

m— v

za(n)

Figure 1. Implementation of DPD saturation for dual-band transmission.
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Test setup and procedures

The linearization is done as follows. First, the PA was excited with two signals in a concurrent dual band.
The input and output PA signals are collected in RF. After the demodulation process, a 2D-IMP behavioral
model is implemented in baseband. Second, a traditional DPD for dual-band is used to distort the input PA
signals. At this time, the PA is excited with a distorted signal and will present a behavior slightly modified. A
new learning iteration with the current input and output signals allows the DPD to be more accurate.
Thereafter, the system, DPD cascaded with the PA, will show the best linearity. This procedure is called
indirect learning architecture [18,20-21]. Finally, the DPD saturation can be applied as shown in Figure 1.

For this work, the available device under test is a project of a broadband PA in the Cadence Virtuoso
software detailed in [12]. This broadband PA can operate from 2 GHz up to 6 GHz, and can comply with
ieee802.11n of 2.4 GHz and 5 GHz, as well as proprietary standards. For the dual-band transmission, signals
of ieee802.11n at 2.4 GHz and Long Term Evolution (LTE) at 3.5 GHz standards were selected. Both are
generated with Cadence Virtuoso with 20 MHz bandwidth, sampled with 120 MHz, and having 64-QAM
constellation. The Matlab software is also available and used to perform the digital procedure.

Cadence Virtuoso does the signal generation, PA evaluation and measurement metrics such as error
vector magnitude (EVM) and power spectral density (PSD) mask. Transient simulations in RF evaluate the
PA behaviors due to the concurrent dual-band application. Text files apply the input signal and save the
current and output voltages. The Matlab software is responsible for input signal generation, reading the output
information, making the missing modulation blocks, DPD learning and implementation, and evaluating the
power efficiency. The summarization of Cadence Virtuoso and Matlab interactions are shown in Figure 2. All
interactions are done manually. In other words, features of each software for saving and reading text files are
used. Then a new simulation is executed in Cadence Virtuoso, as well as a new script is executed in Matlab.
Green blocks indicate a Cadence Virtuoso simulation. The Signhal generation block indicates a wireless
simulation using a communication standard and time results are saved as text files. The PA evaluation block
is a transient simulation where the PA input signal is set to read a text file. The results of amplitude and
currents are saved as text files to be read by Matlab. Finally, Cadence is also used for EVM metric generation
using the standards settings. Matlab just implements the respective block instructions using a script. Note
that, the first gray block is the first PA evaluation of indirect learning architecture; the second gray block needs
to be repeated two times to concern with indirect learning architecture; the third gray block implements the
introduced idea of this paper and creates data to get the evaluation metrics.

1st

E 1 PA inverse
Signal Modulation - Demodulation Q .
N g . PA evaluation . . Behavioral
generation in 2 carriers in 2 carriers .
? modeling
TXT
2nd

B

B ma PA inverse [E

 6iN |
DPD Q Modulation | ; Demodulation | [ . o
] PA evaluation — Behavioral

implementation in 2 carriers in 2 carriers .
modeling

3rd
- ; PA inverse [EI
Q Modulation X Demodulation ) s =
Saturated DPD ) ) PA evaluation ) . Behavioral
in 2 carriers 2 in 2 carriers )
= modeling

Power and
efficiency | PSD metric | | EVM metric

Figure 2. Block diagram of Matlab (in white blocks) and Cadance Virtuoso (green blocks) validation tasks.

RESULTS

This section shows the implemented tests according to the previous explanation. The first subsection
shows the saturation of the global envelope and how it works in each band. The second subsection has the
dual-band saturation applied to the linearization.
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Dual-band saturation

Let x,(n) and x,(n) be the samples of ieee802.11n and LTE standards, respectively. The first 100
samples were normalized to have 1 V of maximum amplitude. Consequently, the maximum amplitude of x(n)
can be higher than 1 V. For carriers of 2.4 GHz and 3.5 GHz to x, and x,, respectively, the mean frequency
is 2.95 GHz with a Aw of 27550 Mrad/s. Applying the saturation for L = 1 V into x;(n) and x,(n), the x(n)
and x.(n) responses are shown in Figures 2a and 2b for the sum and division approaches. The algorithm
worked coherently, but the division option shown a better performance. Figures 4a and 4b show the amplitude
by channel before and after the clipping process with the sum approach for the ieee802.11n and LTE
channels, respectively. Whenever |x(n)| > L, x; and x, change abruptly. In the linearization procedure, the
expected over-L parameter is smaller than the ones showed in Figure 3.

The main problem with the proposed approach is the extrapolation model. Constraints in the x; and x,
envelopes do not guarantee the model boundaries because of the model memory length greater than zero.
Consequently, the output model and the DPD implementation can show unexpected values.

— z(n) — z(n)
-==-3c(n) -==-z.(n)

—_
I
———
=
>
RN
="
|
—_
I
———
-
—
|

Amplitude (V)
Amplitude (V)

e]
(W]
———
—
S
(W]
———
m——

0 0 |
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8
Time (us) Time (pus)
(@) (b)

Figure 3. Amplitudes of x(n) and x.(n) for L = 1 V using (a) the sum and (b) division approaches.

— 15(n)
1 1
0.8 0.8
e 3
< 06 < 0.6 :
= = i 1
e = : o
= 04 < 044 b ""; !
! ' l
0.2 0.2
0 0 ‘
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8
Time (us) Time (us)
(@) (b)

Figure 4. Amplitudes of sum approach for L = 1 V (a) channel 1 and (b) channel 2.
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Linearization with dual-band saturation

The linearization test goal is to get the quantitative evaluation of how much the PA output power
increases complying with the linearity requirements. The greater the PA output power, the greater the PA
efficiency. Finally, the saturation must allow raising the output power even as keeping the EVM and PSD
lower than without linearization.

The application of the saturation procedure is after the indirect learning second iteration. The maximum
amplitude of traditional linearization defines the L value, and each channel admits the controlled overleaped
signal. The main reason for individual channel control is power control independence.

For the overlap varying from 0 to 50%, Tables 1 and 2 display the main linearization metrics with sum
and division approaches. Both have similar performances. The output mean power (Pout) increased less
than 1 dB. However, the PAE changes widely, up to 17%, without a substantial loss in the EVM metric.

Table 1. Linearization performance results of concurrent dual-band with saturation using the sum approach.

Overlap Pout (dBm) PAE (%) EVM Channel 1 (%) EVM Channel 2 (%)
00% 20.86 14.7 1.17 1.23

10% 20.99 15.2 1.07 1.39

20% 21.13 15.7 1.49 2.08

30% 21.27 16.3 2.61 251

40% 21.42 16.9 5.03 4.02

50% 21.58 17.3 8.46 6.81

Table 2. Linearization performance results of concurrent dual-band with saturation using the division approach.
Overlap Pout (dBm) PAE (%) EVM Channel 1 (%) EVM Channel 2 (%)
00% 20.86 14.7 1.17 1.23

10% 20.99 15.2 1.07 1.39

20% 21.13 15.7 1.49 2.08

30% 21.27 16.3 2.64 2.53

40% 21.42 17.0 5.00 4.06

50% 21.58 17.3 8.24 6.78

Table 3 shows a comparison with the same output mean power. The 25% overleap attends the maximum
EVM deterioration. Traditional linearization has output power smaller than others because of the maximum
signal output. Figures 5a and 5b show the PSD of ieee802.11n and LTE channels. The yellow line indicates
the PSD constraint of the respective standards.

icee802.11n } LTE
20 ——  Without DPD 20 —  Without DPD
— Sat. sum 25% —  Sat. sum 25%
10 Sat. division 25% Sat. division 25%
—— Traditional DPD —— Traditional DPD
0 0 Hm‘r“ ' ‘
~‘-<> =10 %
A g
Z % =, 4
a a
n n
A 30 ~
—40
—40
-50
"
¥ ey 60
237 238 239 24 241 242 243 3.47 348 349 3.5 3.51 3.52 3.53
Frequency (GHz) Frequency (GHz)
(a) (b)

Figure 5. Power spectral density of PA output for (a) ieee802.11n and (b) LTE channels.
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Table 3. Comparison between traditional linearization, linearization with dual-band saturation, and without linearization.

Scenario Pout (dBm) FE@;I)E EVM Channel 1 (%) EVM Channel 2 (%)
Without linearization 21.21 16.1 9.83 11.68
Sum with 25% 21.20 16.0 1.89 2.13
Division with 25% 21.20 16.0 1.89 2.14
Traditional linearization 20.86 14.7 1.17 1.23

The worst EVM without linearization indicates mandatory linearization. The EVM gain with linearization
reaches 7.9 percentage points (p.p.) and 9.5 p.p. for ieee802.11n and LTE channels. While literature
linearization imposes limits on the power and PAE, the saturation introduced in this paper allows the PAE
gain with a slight loss in the EVM metric. The efficiency gain achieves 8.8 p.p. for EVM loss of less than one
p.p. Despite the low EVM deterioration, the PSD increased considerably but remained lower than the
standard mask and lower than without linearization. Finally, comparing the sum and division approaches,
both deliver similar performance. The sum approach offered a little better performance.

DISCUSSION

Radiofrequency transmitters should apply digital linearization to have efficiency and good performance.
Traditional linearization limits the PA output power but allows the system to show higher linearity than
mandatory. Literature introduces the DPD saturation to increase the power and the efficiency at the cost of
losing the linearity for one carrier transmitter. The treatment for dual-band transmission with two approaches
in this paper delivers the remaining output amplitude for each channel envelope. The DPD saturation with
sum and division approaches allows a concurrent dual-band PA to increase the efficiency up to 8.8 p.p. in
the PAE metric with EVM degradation of less than 1 p.p. and EVM reduction of about 9 p.p. when compared
with the case without linearization.

This work introduced a mathematical approach based in carrier frequency and phase offset that allows
the traditional DPD saturation to be applied for concurrent dual-band transmission. Suggestions for future
research include the application in scenarios with more than two carriers and the distribution of the overlap
amplitude for each band considering the band power. Analysis and treatment for model extrapolation is a
missing development too.
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