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Improved digital pre-distortion for concurrent
multi-band transmission using frequency relocation

Bjorn Langborn |©, Christian Fager

Abstract—In concurrent multi-band settings with large carrier
spacings between bands, digital pre-distorter (DPD) implementa-
tions face the issue of how to linearize a sparse signal spectrum
spanned over large bandwidths at low computational complexity.
Frequency relocation is one possible approach, which involves
relocating baseband carriers to have reduced frequency spacing
with the help of band-limiting functions, to yield a denser and
smaller signal bandwidth for the DPD to linearize. In this paper,
frequency relocation for transmitters with frequency varying
gain and phase is explicitly considered. It is shown that band-
wise pre-equalization during frequency relocation can reduce the
computational complexity for a certain allowed in-band error.

Index Terms—Digital pre-distortion, DPD, concurrent multi-
band, power amplifier, PA, complexity, frequency relocation

I. INTRODUCTION

Modern cellular networks employ multiple frequency bands
simultaneously. The low-frequency bands have favorable prop-
agation and penetration properties for network coverage,
whereas the high-frequency bands have more abundant spec-
trum for network capacity. Although concurrent multi-band
capability is highly desirable for wireless base-station trans-
mitters, this capability is rarely seen in practical systems due
to significant technical challenge in transmitter linearization.

Digital pre-distortion (DPD) techniques are ubiquitous, and
well-performing, for linearization and compensation of non-
linear distortion in radio frequency power amplifiers (PAs).
DPDs enable PAs to operate with high output power and
efficiency, whilst still meeting stringent linearity requirements.
In contrast to wideband DPDs, which focus on linearizing a
wide and contiguous spectrum, a key challenge for multi-band
DPD is how to handle sparse, yet wide, bandwidths without
drastically increasing DPD complexity. Another challenge is
how to address intra-band, and unfilterable inter-band, inter-
modulation (IM) that do not arise in single-band transmitters.

DPD for single-band transmitters is a well researched topic,
and it serves as a foundation for multi-band DPD. However,
single-band DPD solutions are neither computationally effi-
cient for sparse multi-band signals, nor do they explicitly con-
sider the aforementioned types of IM products. When it comes
to DPDs specifically for the multi-band setting, solutions like
the 2D-DPD and 3D-DPD have been proposed [1[]-[4]. The
2D-DPD solutions consider a dual-band input and solve the
issue of having sparse, yet wide, bandwidth to linearize by
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using a DPD per band, so that each DPD can operate at a
low complexity. Intermodulation is considered by having the
baseband data of each band as input to each DPD. Whilst this
works well for the dual-band and tri-band cases, multi-band
linearization using such an approach becomes increasingly
complex in terms of e.g. the number of basis functions and
number of DPDs as the number of bands increase.

A more recent paper presented the concept of frequency re-
location for concurrent multi-band linearization [5]]. The main
idea of frequency relocation is to relocate bands that are widely
spread apart to lie closer to one another, since this allows the
DPD to operate on data sampled at a lower rate, which reduces
computational complexity. However, considering that the gain
and phase response of a transmitter can vary significantly
over large frequency ranges, the frequency relocated system
response will exhibit the same variations but over a smaller
bandwidth. This poses a challenging compensation problem
for the DPD. This paper seeks to address how transmitter gain
and phase variations can be taken into consideration, by intro-
ducing band-wise pre-equalization blocks in the schematic.

In the paper that follows, Section [IIj describes frequency
relocation in more detail. In Section the proposed fre-
quency relocation scheme using pre-equalization coefficients
is presented. Lastly, Section [[V|elaborates on the experimental
setup and results to verify the proposed approach.

II. FREQUENCY RELOCATION SYSTEM DESCRIPTION

A schematic outlining the steps involved in frequency
relocation can be seen in Fig. [T} Starting from the right side,
the goal is to produce an output y as similar as possible to yg,
the desired output. Given that the PA has some gain variation
over frequency, indicated in solid lines in the graph above the
PA, and some non-linearity, then a specific © must be input to
achieve y at the output. It is seen from the schematic that this
u is produced by relocating the bands in u’. Furthermore, v’
is obtained by a non-linear mapping from y/, using the DPD,
and y/; obtained by relocating the input signal y,.

The issue with wide, yet sparse, bandwidth is here solved
by relocating all bands to a lower frequency range during
linearization. Additionally, IM products are accounted for by
the choice of frequency spacing, as detailed in [5]]. Briefly
stated, if the original frequency spacing is even then the
relocated frequencies are chosen to be evenly spaced as well,
so that all IM end up band-centered. A bandwidth large
enough for characterizing the PA’s response around each
band is chosen, which has been done in previous works as
well as only frequency components around each carrier are
typically significant for the PA output formulation [6], [7]. The
separation of relocated bands is kept to have non-overlapping
spectral regrowth. If the original frequency spacing is uneven,
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Fig. 1. Simplified schematic of the frequency relocation concept, with the
proposed modification elaborated below. The lines in the u spectrum indicate
the gain profile of the PA. The colored regions refer to the sample rates of
signals in that region. Here, red, blue and green corresponds to low, medium
and high sample rates respectively. The symbols a1, ...a i are vectors, and
refer to FIR filter coefficients for pre-equalization.

IM will end up out-of-band and one typically places bands as
close as possible without getting IM partially in-band.

III. PROPOSED DPD SCHEMATIC

A key observation to note from Fig. [T] is the fact that the
PA’s complex gain can vary across different frequencies. These
variations typically vary smoothly over a continuous range of
frequencies, and within each band the variations are likely not
very large. However, for large carrier spacings these variations
can yield significantly different gain and phase responses for
the different bands in a multi-band signal. These observations
are exemplified in Figure 2b] and it can be understood that the
optimal input u to the PA will reflect these gain variations.
Furthermore, when inversely relocating the signal u to u’ it
is clear that the gain transition between bands in «’ becomes
more abrupt. So if the bands in y/, are unaltered from their
magnitudes and phases in y4, the DPD has to compensate for
the gain transition, in addition to the effects that occur with
a more frequency flat response of the PA. From the time-
frequency duality it can be realised that if the DPD has to
compensate a sharp transition in the frequency domain, this
corresponds to that the DPD requires a longer memory in
time. Thus, the DPD complexity increases. In [3]], no explicit
consideration to this observation is made.

However, it was noted that the variations within each band
are not expected to be very large. So if the abrupt changes in
gain and phase between bands are handled band-wise, i.e. in
a small frequency region around each carrier instead of over
the whole frequency span, we expect that it can be done at a
very low complexity per band. Thus, the novelty of this work
is to address the sharp transitions by using band-wise pre-
equalization filters to get ¢/, to make the DPD mapping from
yl, to u’ easier. As detailed in the experimental results, this can
both improve performance and reduce complexity compared
to the original frequency relocation technique.

The proposed schematic is presented in Fig. [ Compared
to [5]], FIR filters a1, ...ax for each band are introduced here,
that can adjust adjust the signal magnitudes and phases in y/;.
Worth noting is that if the PA gain and phase is equal in each
band then the optimal choice of coefficients are a; = 1, i =
1, .., K and the proposed method becomes equivalent to [5].
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Fig. 2. Experimental setup for the DPD measurements in @ and PA gain
characterization in[2b] For[2] the linear gain and phase (magnitude and phase
of So1) of the PA at center carrier 3.35GHz, is viewed in the baseband
domain. The dots highlight the band placement for the results in Table[l]

Determining the coefficients in ai,...,ax requires joint
optimization with the DPD coefficients. The normalized mean
square error (NMSE) €, = ¥, (yali] —y[i])?/Ziy2]i] is chosen
as the performance metric to be minimized, and the minimiza-
tion is done iteratively. First, an initial choice of aq,...,ax
can be made e.g. based on the linear gain characteristics of the
PA. Secondly, linear least squares optimization is performed
for the DPD to minimize ¥;(y}[i] — «/[i])?/Z;y/?[i]. Then,
€y, can be computed after measuring y. After this, a1, ...,ax
are updated using numerical optimization [8], and the iteration
starts over. The goal is to find the best ay, ..., ax to simplify
the DPD mapping from g/, to «’, resulting in a lower ¢, for
a given DPD complexity.

Whilst the proposed scheme is a special case of a general
cascade DPD structure, previous work such as [9]—[12] are not
ideally suited to, with low complexity, address the aggravation
of memory effects and gain transitions caused by frequency
relocation. Thereby, this work is of use to reduce complexity
for frequency relocation DPDs with sparse multi-band signals.

IV. EXPERIMENTAL SETUP AND RESULTS

To demonstrate the proposed schematic, a Keysight
M9410A VXT PXI Vector Transceiver has been used to trans-
mit signals through a MiniCircuits ZHL-16W-43-S+ power
amplifier, as seen in Figure Za] The Peak-to-Average Power
Ratio of y4 was reduced to 9dB using iterative clipping-
and-filtering. Iterative Learning Control [[13]] was adopted for
finding an optimal input signal u to linearize the PA, after
which Generalized Memory Polynomial (GMP) [6]] models of
varying orders were adapted to map y/, to «’. The GMP models
are characterized by their non-linearity order P, memory depth
M and cross-memory depth G. Using all non-linearity terms,
the coefficient complexity of the DPD can be calculated as

Cppp = P(M +1)(2G +1), (1)
whilst the total coefficient complexity becomes

Ctot:P(M+1)(2G+1)+KMp, (2)



TABLE I
ACLR AND NMSE FROM QUAD-BAND MEASUREMENT WITH NO DPD, FREQUENCY RELOCATION WITHOUT OR WITH A PRE-EQUALIZATION
COEFFICIENT PER BAND, OR WITHOUT FREQUENCY RELOCATION, FOR DIFFERENT GMP ORDERS. SCALAR, BAND-WISE, POST-EQUALIZATION IS USED
FOR EACH MEASUREMENT. FOR COMPACTNESS, EACH ACLR VALUE CORRESPONDS TO THE SIDE OF THE BAND WITH MOST POWER LEAKAGE.

DPD w/o
ACLR [dBc] No DPD frequency Yu et al.[5] This work
NMSE [dB] relocation
298 | 323 [ 348 | 3.73 | 298 | 323 | 348 | 3.73 | 298 | 3.23 | 3.48 | 3.73 | 298 | 3.23 | 348 | 3.73
GHz | GHz | GHz | GHz | GHz | GHz | GHz | GHz | GHz | GHz | GHz | GHz | GHz | GHz | GHz | GHz
P=7 M=3.G=0 -49.1 | -489 | -49.0 | -48.5 | -47.8 | -48.1 | -46.4 | -48.7 | -48.6 | -47.2 | -47.3 | -48.4
’ ? -39.1 | -38.7 | -36.9 | -37.6 | -41.9 | -41.6 | -42.3 | -41.5 | -38.2 | -40.1 | -37.4 | -36.6 | -39.5 | -39.0 | -39.2 | -39.2
P=7 M=3.G=1 -31.2 | -30.7 | -29.1 | -29.8 | -50.5 [ -49.3 | -49.6 | -49.9 | -489 | -49.0 | -49.6 | -49.3 | -49.1 | -49.4 | -48.6 | -49.4
’ ’ -43.7 | -42.0 | -43.0 | -43.1 | -36.1 | -39.3 | -37.9 | -41.1 | -41.6 | -40.7 | -40.6 | -41.9
P=7 M=5.G=1 -50.6 | -49.3 | -49.7]-499 | -504 | -49.5 | -50.2 | -49.9 | -499 | -49.3 | -48.8 | -49.9
’ ’ -43.7 | -42.1 | -42.9 | -43.2 | -42.6 | -39.9 | -37.9 | -42.6 | -42.1 | -41.5 | 40.8 | -42.2
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Fig. 3. Power spectral density (PSD) of the desired quad-band signal y4 (in blue), and the errors eyy = Yyu — ¥Yd, €L = YL — Yd, €n = Yn — Y4 in each
band, seen in yellow (Yu et. al method [J5]]), purple (this work) and red (no DPD) respectively. The GMP order is P =7, M =3, G = 1.

where M, is the pre-equalization filter length in each of the
K bands. For the following results, M, = 1 was used.

A complex baseband signal y4, containing four frequency
spaced 10 MHz-bands centered around -375, -125, 125 and
375MHz was sent from Matlab to the M9410A, upconverted
with a carrier of 3.35GHz and transmitted. Relocated fre-
quencies were chosen as -75, -25, 25 and 75 MHz. The low,
medium and high sampling rates (corresponding to red, blue
and green regions in Figure [I) were chosen as 50 MHz,
200 MHz and 1200 MHz.

In Figure |3} a desired quad-band output signal (in blue)
and the errors e = y — y4 for the cases of no DPD (in
red), Yu et. al’s method [5] (in yellow) and the proposed
method (in purple) are shown. The corresponding NMSE, and
largest adjacent channel leakage ratio (ACLR) for each band,
are found in Table [Il Firstly, it is seen that the addition of
a pre-equalization coefficient per band improves linearization
performance when the GMP complexity remains the same,
comparing this work to [5]]. Secondly, it can be seen that not
even for a GMP of order P=7, M=5, G=1 can the method
of [5] reach an NMSE below -39dB for all bands, whilst
this is achieved already at P=7, M=3, G=0 for this work.
Using @]) the case P=7, M=5, G=1 results in 126 DPD
coefficients. For the proposed method, using (2)) the case P=7,
M=3, G=0 results in a total of 32 coefficients. Thirdly, it is
seen that linearization without frequency relocation performs
best, though it requires 6 times higher sample rate for the DPD
data, which may be practically unfeasible.

Finally, the results of a dual-band measurement varying
M, can be seen in Table Here, the bandwidth of each
signal is 50 MHz and the bands are centered around —220 and
220 MHz respectively, with a carrier frequency of 3.35 GHz.
Relocated frequencies were -125 and 125 MHz, and the sample
rates chosen as 250, 520 and 720 MHz respectively. Relocated
frequencies were -125 and 125 MHz, and the low, medium
and high sample rates chosen as 250, 520 and 720 MHz

TABLE 11
ACLR AND NMSE FROM DUAL-BAND MEASUREMENT USING NO DPD,
AND FREQUENCY RELOCATION WITHOUT OR WITH PRE-EQUALIZATION
WITH M, COEFFICIENTS PER BAND. THE GMP MEMORY M VARIES, BUT
WITH FIXED P = 7, G = 0. SCALAR, BAND-WISE, POST-EQUALIZATION IS
USED FOR EACH MEASUREMENT. FOR COMPACTNESS, EACH ACLR VALUE
CORRESPONDS TO THE SIDE OF THE BAND WITH MOST POWER LEAKAGE.

ACLR [dBc] Yu et al. [5] This work
NMSE [dB] | O DPPP e | =3 | are | M2 [ M=2, [ M=3,
=o | M= SO 1 | M=3 | M,=3
3.13 -36.2 458 | -46.3 | -46.4 | -46.8 | -46.8 | -47.7
GHz -27.9 -30.4 | -38.0 | -394 | -37.2 | -41.1 | -42.2
3.57 -34.8 -45.7 | -46.4 | -46.5 | -44.7 -44.8 -45.9
GHz -27.3 -344 | -40.5 | -40.6 | -37.7 | -38.0 | -39.3

respectively.

Firstly, it can be seen from Table [[I| that in terms of NMSE,
increasing M, can move some of complexity from the DPD to
the FIR-filters, comparing especially the case Yuetal. M = 3
against the case M = 2, M, = 3 for the proposed approach.
That can be advantageous, since the FIR-filter computations
are performed at a lower sample rate and requires no additional
cost for generating basis functions [14]. Secondly, it can be
seen that cases occur where it is more computationally efficient
to increase the FIR-depth than to increase the DPD memory.
Looking at the case M = 3, M, = 3, it corresponds to a
coefficient complexity of 34 according to (2)). In comparison,
M = 6 corresponds to a complexity of 49 according to (I)).

V. CONCLUSION

Using band-wise pre-equalization in a frequency relocating
DPD linearization scheme, the concurrent multi-band lin-
earization performance can be improved at a lower coefficient
complexity. The method improves upon previous work [5]]
when the PA gain and phase vary for different carriers.
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