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Abstract—This paper presents a new architecture for the
frequency-selective digital predistortion (DPD) for two- and
three-band power amplifier (PA) linearization. Also, largely
spaced-signal DPD using a digital intermediate frequency (IF)
technique is demonstrated. The algorithm used accounts for
differential memory effects up to fifth order for bands that can
be arbitrarily spaced. The simulation and experimental studies
are performed using various signal sets; two- and three-band
multitone signals with various tone spacing, band separation, and
complementary cumulative distribution function. An improve-
ment of 10 dB over third-order linearization is demonstrated in
simulation for more than 20 dB of adjacent channel power ratio
reduction. The test signal and the linearization algorithm were
implemented on a field-programmable gate array. The lineariza-
tion algorithm was applied to an RF amplifier at 700-900 MHz.
For the two-band case, more than 15 dB on the in-band, 13 dB on
the third, and 5 dB on the fifth intermodulation distortion (IMD)
cancellation were achieved. For the three-band case, more than 12
dB of IMD cancellation was observed. For largely spaced signal
DPD, more than 15 dB of IMD cancellation was achieved. In the
three-band case, the linearization of intermodulation byproducts
overlapping with the in-band distortion is found to be of critical
importance.

Index Terms—Digital predistortion (DPD), memory effect,
multiband linearization, power amplifier (PA).

I. INTRODUCTION

HE linearization of RF transmitters is one of the most im-

portant and challenging issues in modern wireless com-
munication systems since higher linearity is necessary to de-
liver signals with low error probability. Linearization is also a
critical requirement for increasing the capacity of base-stations,
thus enabling more economic cell planning.

Manuscript received October 02, 2012; revised October 23, 2012; accepted
October 24, 2012. Date of publication December 12, 2012; date of current ver-
sion January 17, 2013. This work was supported in part by the National Science
Foundation under Grant ECS 1129013. This paper is an expanded paper from
the IEEE MTT-S International Microwave Symposium, Montreal, QC, Canada,
June 17-22, 2012.

J. Kim and P. Roblin are with the Department of Electrical and Computer
Engineering, The Ohio State University, Columbus, OH 43210, USA (e-mail:
kimji@ece.osu.edu; roblin@ece.osu.edu).

D. Chaillot is with the CEA, 91191 Gif sur Yvette, France (e-mail:
d.chaill@wanadoo.fr).

Z. Xie is with the Department of Electrical Engineering, North Carolina A&T
University, Greensboro, NC 27411 USA (e-mail: zxie@ncat.edu).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TMTT.2012.2229714

Memory polynomials have been successfully introduced
[1] to compensate for memory effects, and several subsequent
works including [2] adopted them to develop powerful lin-
earization algorithms. However, it is very challenging to apply
them to linearize the amplification of two communication
bands separated by more than 80 MHz. A frequency-selective
digital predistortion linearization technique has been proposed
and demonstrated for addressing the large differential memory
effects associated with arbitrary band spacing [3]. One major
advantage of the frequency-selective linearization approach is
that, if an amplifier is to amplify two widely separated band
(say, for example, 500 MHz) with 10-MHz bandwidth each,
each band can be upconverted by different modulators before
being combined and amplified, thus reducing drastically the
bandwidth requirement on the predistorter digital-to-analog
converters (DACs). However, the frequency-selective pre-
distortion of each band accounts for power amplifier (PA)
distortion induced by the combined bands. Furthermore, the
channel bandwidth requirement on the receiver for the feed-
back path of the adaptation is similarly reduced since each
band can be linearized independently while accounting for the
others. Because the receiver analog-to-digital converter (ADC)
bandwidth capabilities are even more constrained than those of
the DACs in transmitters, this is another important advantage
of the frequency-selective scheme.

In [4], an incremental progress was reported, in which an or-
thogonal condition was added to the algorithm. With this fea-
ture, the in-band and interband linearization could be success-
fully tuned independently. However, this architecture was lim-
ited to third order, did not fully utilize the advantage of the re-
duced feedback bandwidth requirement, and did not incorporate
the time-selective dimension of memory polynomials [5], [8]
[9].

In [7], a dual-band linearization using a single PA based on
IF subsampling technique was simulated, and 10-dB adjacent
channel power ration (ACPR) improvement was achieved.

In [8] and [9], two identical processing stages were used for
two different bands using two different local oscillators (LOs)
and combined together before the PA. Those two input bands
were assumed to be far enough apart so that the intermodulation
terms could be removed easily using a filter. In these works,
linearization for a band separation of 100 MHz and 1 GHz was
demonstrated using two separate vector signal generators. Only
in-band linearization was addressed, and 10-16-dB and 12-dB
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ACPR improvements were obtained, respectively, depending on
the various signal scenarios.

In [10], the linearization of a 40-MHz band separation
with two carriers per band was performed, and about 20-dB
ACPR improvement was achieved. Only the linearization of
the in-band terms was considered, and the system was demon-
strated using a single vector signal generator.

In this paper, a new architecture for the two-band frequency-
selective predistortion linearization technique will be presented
that extends the original frequency-selective algorithm to higher
orders. A preliminary account of the fifth-order extension was
presented in the IMS presentation [6]. Note that this approach
can be further modified using memory polynomials to address
in-band memory effects in each individual band as was pro-
posed in [5] and demonstrated in [8], [9]. In this paper, we
further generalize the proposed algorithm to handle multiple
bands. As an example, the predistortion linearization of a three-
band system will be studied using both simulations and ex-
perimental verification. This work will demonstrate that both
fifth-order nonlinearities and interband corrections play a key
role in multiband systems. The impact of fifth-order nonlineari-
ties on the intermodulation distortion (IMD) will also be studied
theoretically. Finally, a 250-MHz spaced signal linearization
scheme using digital complex IF technique in which only a
single LO is needed for the band separation will be presented.
All of the test signal generation and the real-time linearization
algorithm for the three different DPD experiments targeted will
be implemented using a low-cost field-programmable gate array
(FPGA).

This paper is organized as follows. In Section II, the prin-
ciple of the new algorithms is presented and verified using com-
puter simulations. In Section III and IV, the FPGA implementa-
tion of the algorithm is described, and experimental results are
presented for each of two-band, three-band, and largely spaced
band cases, respectively. In the conclusion, the results achieved
from the theory and experiments are summarized.

II. THEORY OF FREQUENCY-SELECTIVE DPD LINEARIZATION

A. Two-Band Case

Let us consider two separate frequency bands represented
each by a pair of I and () baseband signals: I, and Q@ = I
for the lower band and Iy and @y = @y for the upper band.
The hat notation is used to signify a Hilbert transform. As-
suming that the bands are located at frequency f; and fs re-
spectively, the third-order intermodulation introduces spurious
bands at 2 f; — f5 and 2 f5 — f;. The fifth-order intermodulation
introduces additional spurious bands at 3 f1 —2 fs and 3 fo —2 f;.

In [3] and [4], an orthogonal two-band frequency-selective
linearization scheme was introduced and demonstrated. In that
algorithm, the linearization of an amplifier with third-order non-
linearities relied on six complex coefficients to compensate for
the in-band and interband (IMD) distortion independently.

Let us first consider the generation of the fundamental third-
and fifth-order IMD components. Given the (Ip, Qr) and
(Ity, Qu) lower and upper baseband signals, we shall call
(I_3, @_3) and (I3, @3) the associated lower and upper
baseband signals introduced by the third-order intermodulation

at the spurious bands 2f; — f> and 2f; — f;, respectively.
Similarly, we shall call (7_5, @ _5) and (I, Q) the associated
lower and upper baseband signals introduced by the fifth-order
intermodulation at the spurious bands 3f; — 2> and 3f> — 2f1,
respectively.

For the third- and fifth-order cases, these IMD terms are
readily found from Volterra theory [5] to be given by

I s =I5 - I;Qu + 613 QLluQu — 3ILQL I
+31.Q7 Q% — 2Q3 I Qu,
Q-5 =Q1Q% — QLIE +6Q1 L Quly — 3QLIL QT
+3QLIIE — 211 Quly,
I3 =(I; —Q7)y +2I.QuQy,
Q_s=—(; - Q1)Qu +2IyILQy,
USS (Ig - Q%T)IL + 2l QL Qv,
Qs = — (It - Q7)Qr + 2IvIL.Qu,
Is =17 — IF:QF + 613:QuInQr — 3IuQF 17
+3IpQ7 Q7 — 203 1.Q1,
Qs =Q}Q7 — QY17 +6Q4 v QLI — 3QuIz Q7

+3QuItI; —2I3QLIy, (D

in additionto I_y = I, Q1 = Qp, 1 = Iy, and (); =
Qv . Note that the equations reported above recast the third-
order frequency-selective theory in a more compact way than
previously reported in [3] while adding the targeted new fifth-
order corrections. Appendix I shows the demonstration of this
equivalence.

To take full advantage of the differential memory capability
of the frequency-selective linearization architecture, the dif-
ferent in-band and interband components (/,, (J,) must be
rescaled and phase-shifted independently using an 1Q modu-
lator. The input and output relationships of the IQ modulator
for a pth-order component is of the form

_ﬁp(EIzjv E%)} |: IP :| (2)

[1,;] ~ [a,,(Egv,Eg)
Q] | Bp(EE E})

where I, Q,, 1, and @, are the inputs and outputs of the 1Q
modulator, respectively, and «, and 3, are the complex co-
efficients used by the modulator. £% and EZ are the enve-
lope of lower and upper side-band signals, which are given by
E? =1?, + Q% and £ = I} + Q}, respectively. The same
matrix equation holds also for the in-band components p = +1
beside the interband components |p| > 1. Note that additional
envelopes Eg = Ig + Q]% may be introduced for intermodu-
lation linearization as the intermodulation corrections injected
in the PA effectively introduces new bands beside the original
input bands.

The functional dependence of the c;, and /3, on the envelopes
can be expressed using a Taylor expansion. For the case of a
two-envelope dependence 7 and 7 and a fifth-order expan-
sion, this gives

2 2
p 00,0 + 01 L + apaoly

+ Oép'(]’QEér + ()tpTQ,[)E% + ()ép’l’lE%,vE% (3)
Bp = Bpoo + /317,0,1E[2; + /Bp,l.(]E%
+ Bp02Ef + BpooBr + Bp1a ELEL. “
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Fig. 1. Proposed frequency-selective DPD architecture.

The final output 7+ and Q¢ are then given by

P
Iout(t) = Z I],)(t) and Qout Z Q
p=—F p=—-P
pis odd pis odd

&)
The resulting proposed algorithm structure is shown in Fig. 1.
Note that it is also beneficial while pursuing intermodulation lin-
earization to perform the in-band linearization first before per-
forming the interband linearization [3]. Subsequent in-band lin-
earization blocks could be added after each IMD component to
account for the envelopes associated with the new added IMD
bands.

In Section II-C, the importance of a fifth-order term will be
analyzed for the case of in the context of the linearization of the
three-band spectrum to be discussed in the next section. Further
discussion on the impact of the fifth-order nonlinearity on the
third-order intermodulation is given in Appendix II.

B. Three-Band Case

The two-band linearization theory can be extended easily to
a larger number of bands where interband linearization plays
an important role. Here, a three-band case is presented. Fig. 2
shows the three-band situation with its associated coefficients.
For each band, we have

wp(t) = 1k() + JQr(t), (k= L, M,U) (6)
2 (1) = T (t) + jQL(1) = () (7
Ey(t) = |z (t)] (®)
Y =0k + P = w(EL, By, BY)
~cpo+enrFr+ By + v EE ©)

where £ is the band index, x; is the complex output signal for
the band k, 2}, is the complex output signal for the band & after
its IQ modulator, £, is the envelope of the complex signal x;,,
and +y;, are the complex analytic functions to be estimated. For
simplicity of presentation, a third-order Taylor expansion is pre-
sented for 7.

The important thing in the three-band case is the interaction of
the lowest sideband (LSB) and middle sibeband (MSB), which
generates additional interband modulation terms. One of these
terms is located exactly in the position of the upper sideband

Cvm Cuu

Cmu |4
.l M3 i

CLMU

Fig. 2. Three bands with associated linearization coefficients.

(USB) if all three bands are equally spaced. Similarly, the inter-
action of the MSB and the USB generates an interband term that
falls into the location of the LSB. Even if they are not equally
spaced, those interband modulation terms are in the band of in-
terest and need to be removed. Furthermore, if each band is get-
ting closer, the band rejection requirement of the RF filter is
getting sharper and the cost would be increased steeply. There-
fore, interband linearization is an essential block for a multiband
linearization.

For the interband linearization, the same formulas could be
used as in the two-band case. For example, the interaction of
MSB and USB via z:3,7;; generates the —third-order IMD term
in the location of the LSB, and the interaction of LSB and MSB
via z3,2% generates the +third-order IMD term in the position
of the USB. In addition, the three-band product =7z}, %1 gen-
erates the interband term in the location of the MSB. From the
above two- and three-band equations, the following third IMD
terms are then obtained:

= (I3 — Q3 Iv + 21 QuQu

— (I3 — Q3)Qu + 20y 1y Quy

Tias = (I3 — Q3L + 21 QrQu

Qramz= — Iy ANQr + 21 I1Qu

Inarv =IpIyly + ILQ’\[QL - QrivQu + QrLQulu
Qryv =IplyQu — ItQuly + Qriyly + QL@ mQu.
(10)

Iyu,—s
Quu,—3 =

Associated with the above third-order IMD terms are the com-
plex linearization coefficients cari7,—3, ¢ras,3, and ¢z ar+ 7. Note
that two other three-band products 27z p; 2y and xpxas 27 can
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Fig. 3. CCDF of the three uncorrelated LTE bands used as a test.

be identified that also generate interband terms. However, those
two IMD terms are all located out of the band of interest (in-
band is limited to L, M, and U) and can thus be readily removed
using conventional filtering for sufficiently large band spacing.
Similarly, the fifth-order IMD terms associated with
m%mﬁﬂ:bv, .7:2:1:%,1.77{1, and .IILJ:},%J:?J can be easily be eval-
uated for the lower, middle, and upper bands, respectively.

C. Simulation Verification

Here, we shall test the efficacy of the proposed multiband
fifth-order linearization scheme using simulation. Three long-
term evolution (LTE) signals of a 5-MHz bandwidth, centered
in noncontiguous bands 20 MHz apart, will be used for the input
excitation.

The linearization simulations are conducted in MATLAB using
a memoryless PA model with third-order nonlinearities to il-
lustrate the efficacy of the proposed algorithm. The PA transfer
characteristics is

yout(t) = zin(t) (1 — o ()]?) (11)
where z1y = I(£) + jQ(#) and the small-signal gain of the PA
is normalized to one.

To best demonstrate the impact of the linearization, the input
signal power is adjusted such that the amplifier is driven into a
deep compression of 3.5 dB at the peak input power. Using an
input signal z;x with peak power normalized to one (|z1y| <
1), this occurs for « = G, — 1. Fig. 3 shows the complemen-
tary cumulative distribution functions (CCDFs) for the three
LTE bands used and for their composite (sum) signal. The peak
power is reached when the envelope of the three bands is con-
structively added. This results in that the peak-to-average power
ratio (PAPR) of the composite signal is slightly smaller than the
PAPR of the three individual bands. As shown in Fig. 3, the
maximum PAPR reaches 10 dB with a probability of occurrence
of 0.001%.

The AM-to-AM characteristic of the PA is shown in Fig. 4.
As indicated by the AM—AM curve (Band 1+2+3), the amplifier

3.5 dB compression
0.45 ‘ ‘ presson o

Band 1+2+3 i

035} 1
04r 1

025 Band 1

Band 2

Band 3 1

02r

y%UT (normalized)

x|2N (normalized)

Fig. 4. Simulation results showing the AM—AM characteristics of the test
memoryless PA for three LTE signals before (blue and red lines) and after
(black lines) predistortion linearization.

50t
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—— 4: 5th PD+interband
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30+

Power Spectrum (Normalized)
>
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Modulation Frequency (MHz)

Fig. 5. Simulation results showing the spectra obtained at the PA output
without PD (1: red line); with third-order PD without interband (2: blue line);
third-order PD with interband (3: magenta line); fifth-order PD with interband
(4: black line). The input spectrum (5: black dashed line) is included for
reference.

is memoryless but nonlinear. However, the AM—AM character-
istics of Bands 1, 2, and 3 are individually exhibiting strong
memory effects as indicated by their hysteresis. Note that, for
the sake of clarity, these AM—AM characteristics were respec-
tively shifted horizontally by 0.2, 0.4, and 0.6 on the normalized
input power axis. These results demonstrate that even a mem-
oryless nonlinear PA will exhibit memory effects when excited
by a multiple-band signal. Indeed, the PA nonlinearities intro-
duce unwanted intermodulation signals that superpose with the
desired inbands signals in the same frequency range. The spec-
tral regrowth associated with the PA is shown in Fig. 5 using
the top red curved labeled 1. For comparison, the spectrum of
the input LTE data is shown using a dashed line labeled 5. Note
that the LTE signal consists of 204 780 samples played in a loop
with a transition region of 80 data points to remove any spec-
tral leakage. Spectral video averaging is also used to reduce the
spectral noise.
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To demonstrate the linearization of the test third-order PA, the
proposed fifth-order predistortion (PD) that inverts the PA char-
acteristic in a least-square sense was extracted. This PD extrac-
tion is realized by a linear least-square fit of the input PA signal
(PD output) versus the output PA signal (PD input). First, the
results obtained for a third-order predistortion neglecting the in-
terband terms x%,z}; and z3,2% is shown in Fig. 5 using a blue
line labeled by 2. At best, a 5-dB ACPR reduction is observed.
The result obtained for a 3rd order predistortion including the in-
terband terms x%,z}; and z3,2% is shown next in Fig. 5 using a
magenta line labeled by 3. An ACPR reduction of about 10 dB is
observed. Finally the result obtained for a 5th order predistortion
including the Sth order interband terms =2 =332 s, z's 3 ;2 and
zx3xs, is shown in Fig. 5 using a black line labeled by 4. An
ACPR reduction of at least 20 dB is observed. Referring back to
Fig. 4, one also observes that the three black lines labeled “Lin-
earized” demonstrate that the proposed multiband linearization
has indeed linearize the signal measured in bands 1, 2, and 3.
Note that the same power backoff of 3.5 dB was used in all these
cases for a fair comparison of the PA response with and without
PD. In summary, these simulation results demonstrate the po-
tential efficacy of the multiband linearization scheme presented
here. Note that the linearization algorithm is not limited to mem-
oryless PA but also works for piecewise quasi-memoryless PA
when using different complex coefficient v, = ay + 75 in (5)
and (7) for each band &.

III. HARDWARE IMPLEMENTATION AND TEST SETUP

A. Signal Selection

For the system excitation, the input signal could be any band-
limited signals. In the experimental section of this work, two-
band multisine signals with a constant amplitude and specific
phases have been developed as follows:

T (1) + jQu = {A > w+>}

k=1
% ejQﬂ'me]t (12)
N
In(t)+ QL = {A Z ej("’A”tJ“‘j’L'k)}
k=1
x e 72T modl (13)

Multisine signal can exhibit a higher PAPR when the indi-
vidual tones superimpose in phase. In this study, each of the
phases ¢y ;; and ¢, ;. has been optimized so that the total signal
achieves a realistic PAPR. In this work, three signal sets have
been developed, and Fig. 6 shows the CCDF of the three de-
veloped signals: 1) 16-tone per two bands (5-MHz bandwidth
for each band) with 7.5-dB PAPR; 2) 96-tone per three bands
(5-MHz bandwidth for each band) with 8.7-dB PAPR; and 3)
128-tone for two bands (10-MHz bandwidth for each band) for
the largely spaced signal linearization with 8.0-dB PAPR. To
demonstrate that the three-band linearization coefficients will

102 CCDF
—2-Band %16—ton'e)
——2-Band (128-tone)
— ——3-Band (96-tone)
X ——2-Band (Mid-Channel Off from 3-Band)
2 1
g 10"
<
o
A
14
<
o 100
rey
o
D. N
- Mid-Ch. Off-- ¥
10" . : . ;
0 2 4 6 8 10

PAPR, (dB)

Fig. 6. CCDF plot of 16-, 96- and 128-tone multisine signal.

also work well for two bands, the middle channel will be turned
off in Section IV, and the resulting CCDF of the composite
signal for the two remaining bands is also plotted in the same
figure using a black line.

For the two-band case, a 2N -tone composite signal is gener-
ated and implemented using lookup tables (LUT) on the FPGA
device. For the three-band case, a 3/V-tone composite signal is
generated and implemented on the LUT.

B. Linearization of Up to Fifth-Order IMD

The overall experimental testbed used in this work is shown
in Fig. 7. Multitone signals for each lower and upper sideband
signals with specific phases are generated by MATLAB and
implemented with an LUT on the Stratix-IIT 3SE260 FPGA
on Altera DE3 board. The FPGA system clock is 125 MHz.
The predistorted baseband signal from the FPGA is connected
to a TI DAC5682z DAC evaluation module (EVM) over
low-voltage differential signaling (LVDS). The TI EVM has
dual 16-bit DACs with up to 1.0 GSPS, a clock distribution
chip, CDCM7005, and analog quadrature modulator, TRF3703,
to upconvert the baseband DAC output to RF. Interpolation
filter with x4 rate and the LC low-pass filter (LPF) with
300-MHz 3-dB corner frequency are used between the DAC
and the IQ modulator to remove the Nyquist images from
the DAC. dc offset, and IQ-imbalancing have been carefully
removed. An RF frequency of 890 MHz was chosen to investi-
gate the digital cellular band response and the external LO fed
into the DAC EVM. The RF output of the EVM is connected
via a preamplifier to the Mini-Circuit amplifier ZX60-43-S+ to
be linearized.

C. Linearization of Largely Spaced Signals

The DAC5682 [11] supports coarse mixing mode that is ca-
pable of shifting the input signal spectrum by the fixed mixing
frequencies f. /2 or & f, /4. For the complex signal I (¢)+5Q(¢t),
the output of the coarse mixer block, I, (%) and Qo (%) are
given by following:

Tout (B) = 1(t) cos(2m fipt) — Q(t) sin(2rw fipt)
Qout (t) = I{t) cos(27 firt) + Q(¥) sin(27 firt)
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Fig. 8. Largely spaced DPD architecture using digital IF.

where fir is the fixed mixing frequency. For example, for the
Jir = +/fs/4 case, we have
= cos <27r . Et)
4

cos(27 - fip - t)|t=nT,

t=nT,
(37)
=cos|—=n
2
=1,0,-1,0,...
sin(27 - fip - t)|t=n7, = sin <27r . Ef)
4 t=nT,
i (5n)
=sin{—=-n
2
=0,1,0,—-1,....
Therefore, the output sequences for fip = +fs/4 case are
Iout = {+I7 _Q7 _Ia +Q} and Qout = {+Q +I7 _Q: _I}
Similarly, for fir = —fs/4 case, the output sequences are

Iout = {+Ia +Q _I7 _Q} and Qout = {+Q _L +Q7 _I}-

By connecting additional DAC5682z EVM to the DE3 FPGA
board and choosing fir = +f5/4 for the USB signal and fir =
— f5/4 for the LSB signal, the baseband signals are spaced with
2 fir from each other. In this test, 125-MHz sampling frequency
has been used, and, in consequence, a two-band signal with
bands separated by 250 MHz has been generated.

The advantages of this architecture is that only a single LO is
required for the signal separation and no physical multiplier is
needed for the spectrum shifting because the output sequences
are just exchanging and/or sign-bit flipping the I and Q signals.

Fig. 8 shows the proposed largely spaced DPD architecture.
Since the two bands are largely separated, the interband mod-

TI 5682£EUM
s for LSB %7 7

i,

. T1 56822 EVM,

Fig. 9. Photograph of the testbed.

ulation terms are located far enough and are easily removed
using filters. Hence, only the in-band linearization part is needed
for this test. To remove the images and other unwanted signals,
two BPFs have been used. Fig. 9 shows the photograph of the
testbed. Only one TI 5682z EVM is used for the fifth-order lin-
earization and both of the TI EVMs are used for the largely
spaced-signal DPD linearization.

IV. EXPERIMENTAL RESULTS

The following procedure was used for the training: 1) the
PA’s output power was set so that only the third-order IMD was
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Fig. 10. Experimental linearization results including both in-band and inter-

band linearization for a 16-tone system per two-band signal at two different
power levels (a) up to third order and (b) up to fifth order.

present so that it could be linearized, and 2) the PA’s output
power was raised so that both the third- and fifth-order IMDs
were present to be linearized for both third- and fifth-order
IMDs. Taking full advantage of the frequency-selective nature
of the algorithm, the linearization was sequentially per-
formed using the following steps: 1) in-band linearization; 2)
third-order interband linearization; and 3) fifth-order interband
linearization. Fig. 10 shows the result of the two-band lineariza-
tion of 16-tone over the two-band case up to fifth-order IMD.
For the in-band linearization, more than 15-dB IMD cancella-
tion was achieved. For the third-order interband linearization,
more than 13-dB IMD cancellation was achieved. Also, for
the fifth-order interband linearization, more than 5-dB IMD
cancellation is observed in Fig. 10(b). It is to be noted that the
LO leakage is not fully removed in Fig. 10. In the subsequent
experimental results, we shall make use of a large digital IF so
that the LO leakage can easily be removed by filtering beside
using the dc offset tuning of the IQ modulator.

For the three-band algorithm, a sequential linearization
method similar to the two-band method was used.

Step 1) Turn off MSB and USB while turn on LSB with
increased power by a /3 ratio to maintain the
same output power and then find the self-in-band
linearization coefficient, i.e., ¢rf,.

Step 2) Repeat step 1) for MSB and USB, i.e., cpras and
cuu, turning off USB while turning on LSB and
MSB with increased power by a 1/3/2 ratio so that
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Fig. 11. (a) Experimental linearization results for a 96-tone per three-band

signal with and (a) without interband linearization. (b) Robustness of the lin-
earization is tested by turning off the middle band.

the final output power is the same as for the normal
three-band case.
Step 3) Find the two in-band linearization coefficients and
the third-order interband linearization coefficient,
1.e., crar, cML, and cpag 3;
Step 4) Repeat step 3) for MSB and USB, i.e., cyrrr, crags
and ¢y, —3.
Step 5) Turn on all three bands with normal power and find
CLU, CUL, and CLAMU -
Fig. 11 shows the result of the three-band linearization. Without
the interband linearization, it would not be possible to fully lin-
earize the PA output for the three-band signal (black dashed line
in the figure). With the interband linearization, more than 12-dB
IMD cancellation was achieved.

To investigate the robustness of the DPD system, the mid-
channel band was turned off. The associated CCDF for the re-
sulting two-band signal is shown in Fig. 6 using black line.
Fig. 11(b) shows the spectrum of the mid-channel off from the
three-band input. No performance degradation is observed be-
tween the two- and three-band cases even though the same lin-
earization coefficients are used. This indicates that the DPD
system was robustly identified using the extraction scheme pre-
sented above for the three-band signal.

For the largely spaced two-band DPD with digital IF tech-
nique, only the in-band linearization was used because the inter-
band terms can be removed easily with an external filter. Fig. 12
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Fig. 12. Experimental linearization results for a 128-tone per two-band
signal with 250-MHz band separation. The top plots zoom on the individual
linearization.

shows the result of the 250-MHz-spaced signal DPD. For both
bands, over 15-dB IMD cancellation was observed. Note that
the unequal power levels of LSB and USB are due to the fre-
quency response of the amplifier.

V. CONCLUSION

This paper has presented an extended frequency-selective
DPD algorithm which could be applied to a larger number
of multiple bands. The theory was tested in simulation for a
memoryless PA with 3.5 dB at peak power using three inde-
pendent 5-MHz LTE signals. A fifth-order linearization was
demonstrated in simulation to provide an improvement of 10
dB over the third-order linearization and more than 20 dB of
overall ACPR reduction.

The theory was also experimentally tested using multisine
excitations with realistic CCDFs and PAPR ranging from 7.5 to
8.7 dB. For the two-band case, more than 15 dB on the in-band,
13 dB on the third-order interband, and 5 dB on the fifth-order
interband IMD cancellations were achieved. For the three-band
case, more than 12-dB IMD cancellations were observed. In the
three-band case, the interband linearization was demonstrated
as playing an important role. A largely spaced signal two-band
DPD using digital IF technique was proposed and more than
15-dB IMD cancellation was achieved.

APPENDIX 1
DEMONSTRATION OF EQUIVALENCE

In [3], only third-order IMD terms had been compensated for.
Here, the equivalence between the previous scheme and the new
orthogonal scheme is thus verified for third-order IMD.

Let us assume /' and ()’ are the output of the IQ-modulator
of the inter-band stage, and then

I'=al-fQ
={Re(as) B2 —Im(as) B2 — {Re(B3)E* —Im(8)E2}Q
(14)

Q' =pl+aQ
={Re(B33)E? —Tm(f3)E2 H — {Re(os) B —Im(a3) E2 Q.
(15)

In the general case, we have

1= 3%
2

ot i
===

8%

8

For the lower sideband comparison, let us assume that ag =
Zy and §3 = jZ1, and then we have

g = Re(Zl) + ]Im(Z]_)
ﬁg, = — IIIl(Zl) + ]Re(Zl)

Therefore, we have

Re(as) = Im(fF3); Im(as) = —Re(fs).
Inserting (16) into (14) and (15) gives

I' =Re(as) E?T — Im(ag)l/?\?[
— Re(8s) E2Q + Re(33) E2Q
=Re(as)E?T — Im(ag)E\QI
— Im(as)E?Q + Re(ag)}/’i’\?Q
Q' =TRe(as)E*Q — Im(a;;)E\?Q
+ Re(f33) B2T — Tm(B5) E2T
= Re(a3) E2Q — Im (o) E2Q
— Tm(e3)E*T — Rc(ag)l/Z\’QI.

After a few algebra steps, we obtain

I' =Re(as)(E2I + E2Q) — Im(as)(E2I — E2Q)
Q' = — Im(as)(E2T + E2Q) — Re(as)(E2I — E2Q)
x B2 + E2Q)
=2(IyI, — IAUIAL)([U + 1)
F 2Tyl + IpI)(Qu + Qr)
=TI — Iyl Iy + IyI2 — 1.1y 1y)
+ o Ivlphy, + Ty = IpL = ITuTy)
— 212 4 [V + 212 — 1) Iy — ALy T,
=2E; I+ (I; — Q1) v + 2I1QuQr}

=2{E; I, +I.(3)}. (16)



604

Similarly, we obtain

E2I-E2Q
=2(IpIy + Iy Iy + I1)
— Iyl — InI)(Qu + Q1)
=2—1yQr + Qulir)(y + 1)
— vl + QuQr)(Qu + Q1)
=2-I3Qr+ QulvI, — IvI1Qr + Qul}
~ IpIQu — Q%Qr — InIQr — QuQi)}
—2{EyQr + 20y I.Qr — (I — Q1)Qu}
= - 2{E;QL + Qr(3)}. (17)

For the upper sideband, let us assume a3 = Z» and 3 =
—j 73, and then we have

(6 %3 :RC(ZQ) —|—j1m(Z2),
B3 =Im(Zy) — jRe(Z2).
After same simple algebra, we obtain
I' =Re(as) (B2 — B2Q) — Imn(as) (B2 + E2Q)
Q' =Im(as)(E2T — E2Q) + Re(as)(EX + E2Q).

The terms E2] — E/EQ and E2] + E%(Q are given by the
following equations:

B2 — B2Q = 2{E2Iys + Ir(3)} (18)
B*I + B*Q =2{E}Qu — Qu(3)}. (19)

The terms E?,IL , E%,QL , E%IU, and E%QU , appearing in the
interband terms given by (16)—(19), respectively, are undesir-
able in-band terms arising in the original nonorthogonal scheme
[3] which are now automatically eliminated by the new orthog-
onal scheme.

APPENDIX II
NONLINEAR IMD DEFINITION

It is interesting to consider the impact of a fifth-order expan-
sion on the in-band third-order IMD. For this purpose, we as-
sume that the lower (L) and upper (U) bands consist each of
two tones a and b as

Tp =2Zre +ZLb Tu = Tye T TUb

where we use the compact notation

zp =1, + jQp.

The tone frequencies are also selected to have the same fre-
quency separation: fr., — fra = fues — fua. Further, we shall
assume that the phase of these various signals x 1., z 1y, Z174 and
xyy are statistically uncorrelated to remove any sweet point.
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The third-order lower intermodulation IMDy3 ;, at the fre-
quencies f is then given by the ratio of the following expected
values after the average over the signal phases is performed:

IMD3s £(2f1p — fra) =IMD3 1.(2f1a —

o1 (B2, (B2) |
OE?

frb)

2
(Jotastl”)
| |1Lb~LLa~Lbb|>

X {|7—1( <|$Lb| >}

IMD3 ¢ (2 ftre — fba) = IMDa,b (2fva — fus)

2
o (<EI%>7 <E1%>) <|:1:Ub.7:z .TLb|2>

(). ¢
OEZ

0’71

OE%
071
()E2
2

< {ln (2. (2 <|m| >} 0)

where we define
7]7 = OéP(Eg*" E%) =+ jﬁp(E[%'; Ej%)

and use the notation £, = |z,| so that, for example, Kz, =

|z1s|. In the previous expansion, use was made of the average
envelope

(EL) = Bi, + Ef,

= Ef, +Ej, (Ep)
assuming the signals xr.., T1s, £r7a, and 2y to be statistically
uncorrelated, as in the case in multiband and multicarrier com-
munication systems.

At low input power levels, (£ |?) and (E2) are small, and

the third-order IMDs in (20) reduce to

IMDs 1 (2fre — fra) =IMDs (2f10 — fro)
2
2—|”Y—1,1,0|2 E%aE%zﬂ'—h Lol Ef Efy
|’Vf1,0,0| |771,0,0|
(21)
IMD3 ¢ (2fve — fua) =IMDs (2 fua — fus)
2
~ |71’1’0|2E%QE%1)+ 104l CELED,.
|’71,0,0| ’71,(),0|
(22)

Clearly, at low input average power, the third-order IMDs for
the lower and upper bands of (21) and (22) are not affected by
the fifth-order nonlinearites. However the 5th order nonlineari-
ties will contribute to the power amplifier output at high enough
average input power via the dependence of the vy, coefficients
upon {F2) and (E?). For a 5th order system the threshold at
which the 5th order nonlinearities must be accounted will de-
pends on the magnitude of the coefficients v+1 2.0, ¥+1,0,2, and
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v¥+1.1.1 as well as the amplitude of (E,|?) and (E7 ). Assuming
B}, = Ei, = Ef, = Ef, = (E] ;;)/2 an upper bound on
the power level at which the 5th order nonlinearities would be
comparable to the 3rd order nonlinearities is given by:

min {4110, V+1,0,1}
max {7:&1,2,07 V+£1,0,2, ’Y:I:Ll,l}

( %/U) =

The presence of a noticeable fifth-order intermodulation at the
interband frequencies 3 fira/ — 2frase and 3frase — 2frrass as
is shown in Fig. 10(b) provides a measure of the contribution
of the fifth-order in-band nonlinearities at the in-band frequen-

cies 211y — fra» 2f1a — fro, 2fty — fra and 2fyq — frp. In
Fig. 10(b), accounting for the fifth-order nonlinearities enables
ones to reduce the ACPR by a factor 5 dB, as was verified in the
tuning process. In Section II-C, a fifth-order linearization was
demonstrated to provide up to 10 dB of improvement in ACPR
reduction over a third-order linearization.
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