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A novel digital predistortion (DPD) technique is proposed to linearize ultra-broadband millimeter wave (mmWave) power
amplifiers (PAs) by only employing very limited bandwidth resources for the Tx, feedback loop (FB), and baseband (BB). Compared
to the conventional methods, the proposedmethod will comprehensively reduce the bandwidth requirements for the whole system,
which will make the linearization affordable formmWave PAs. To validate the proposed idea, a 4-carrier 320MHzmodulated signal
was employed to excite a mmWave PA with the center frequency of 41 GHz. Experimental results have proven that the proposed
method can effectively realize the PA linearization with very narrow Tx/FB/BB bandwidth, which largely extends the capability of
DPD to the forthcoming 5G era.

1. Introduction

Thefifth-generation (5G) communication systems have grad-
ually attractedmore andmore attentions fromboth academia
and industry. Since wideband spectrum resource is required
to support the ultimate goal of 10Gbps [1], millimeter wave
(mmWave) frequency band is one of themost promising can-
didates in 5G frequency plan, as shown in Figure 1(a). Many
countries have gradually released their drafts for themmWave
frequency band allocations around 28GHz and 40GHz [2].
To fully exploit the advantage of mmWave technique, ultra-
broadband modulated signal, for example, 500MHz, will
be employed to enable high-speed transmission. However,
this change will place a huge burden on RF circuit design,
especially for the linearization of ultra-broadband mmWave
power amplifiers (PAs).

Usually, the PAs need to operate at nonlinear region to
achieve high efficiency, which will incur not only the in-
band distortion, but also the out-of-band (OOB) spectrum
regrowth [3]. To overcome this problem, the digital predis-
torter (DPD) has widely become a crucial block in modern
wireless transmitters [4], as shown in Figure 1(b). This
module can effectively remove the nonlinear distortion with
very high accuracy but low cost. With the development of

DPD technique, many effective models have been proposed
in recent years [5], such as dynamic deviation reduction-
based Volterra series model (DDR) [6], decomposed vec-
tor rotation-based model (DVR) [7, 8], memory polyno-
mial model (MP) [9], and generalized memory polynomial
model (GMP) [10]. Usually, in baseband (BB) processing,
the DPD characteristics will be modeled by the nonlinear
operators, which normally occupy multiple times the input
bandwidth. For example, the 5th-order nonlinear operator
will occupy 5x the input bandwidth. Thus, the bandwidth
for the transmitter chain (Tx) should be wide enough to
support such 5x the input bandwidth. Furthermore, in
order to realize accurate model extraction, the bandwidth
of the PA output will also keep 5x the input bandwidth
to capture all major nonlinear distortion in the feedback
loop (FB) [11]. Therefore, in narrow-band scenarios, these
bandwidth requirements for Tx/FB/BB are affordable and
thus the DPD systems work well and have been widely
deployed.

However, with the mmWave era coming, the modulated
bandwidth has been quickly increased in 5G wireless systems
as shown in Figure 1(a). Suddenly, the DPD systems are
facing huge bandwidth limitation as shown in Figure 1(b).
Not only will the system require the Tx and feedback loop
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Figure 1: (a) The frequency and bandwidth of 5G scenario. (b) The challenge on DPD system for ultra-broadband mmWave wireless
communication system.
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Figure 2: Available resources for DPD systems. (a) Conventional DPD system. (b) DPD system with reduced FB bandwidth. (c) DPD system
with reduced Tx/FB bandwidth. (d) DPD system with reduced BB bandwidth.

with wider bandwidth, but also the baseband processing
units, such as FPGA, will also need high bandwidth to deal
with high-speed data. Apparently, it is not cost-effective
for mmWave scenarios to directly employ the conventional
methods.

In this paper, a comprehensive solution for these three
bandwidth limitations will be proposed to further extend
the DPD’s capability into the linearization of mmWave PAs.
The proposed technique only employs the limited Tx/FB/BB
bandwidth, that is, 1x∼2x the original input bandwidth, but
can achieve similar linearization performance. Furthermore,
this technique will be validated by an mmWave PA centered
at 41 GHz and excited with a modulated signal with 320MHz
bandwidth.

The rest of the paper is organized as follows. In Section 2,
the DPD system with reduced Tx/FB/BB bandwidth will
be discussed. Then, a novel solution will be proposed and
explained in detail in Section 3. The experimental results
for the ultra-broadband scenarios are provided in Section 4,
followed by a conclusion in Section 5.

2. The Bandwidth Requirements on
DPD System

In a DPD system, the bandwidth requirements usually
include three parts: the FB, the Tx, and the BB [12]. In
this section, we will provide a detailed analysis for these re-
quirements.

2.1. Conventional DPD System. Generally, in a conventional
DPD system, the baseband bandwidth for the DPD modules
will require at least five times the input signal bandwidth to
fully generate sufficient nonlinear components for satisfac-
tory linearization performance [11], as shown in Figure 2(a).
This is because the major part of the predistorted signal will
include the components from the fundamental one to the
5th-order one. Here, 500MHz modulated signal is taken for
example. Therefore, at least 2500MHz bandwidth will be
required for the predistorted input signal generation. This
will place a huge burden on the baseband bandwidth, since
the baseband is usually realized by digital circuits, such as
FPGA.
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Table 1: The bandwidth requirement for a 500MHz modulated signal.

Sampling rate (MSPS) BW (MHz)
(i) Conventional DPD system

Tx 5x = 3200 5x = 2500
Feedback loop 5x = 3200 5x = 2500
Baseband 5x = 3200 5x = 2500

(ii) DPD system with reduced feedback loop bandwidth
Tx 5x = 3200 5x = 2500
Feedback loop <1x = 640 <1x = 500
Baseband 5x = 3200 5x = 2500

(iii) DPD system with reduced Tx/FB bandwidth
Tx 1x-2x = 640–1280 1x-2x = 500–1000
Feedback loop 1x-2x = 640–1280 1x-2x = 500–1000
Baseband 5x = 3200 5x = 2500

Later, a wideband Tx will be involved, in which the
digital-to-analog converters (DACs) should be able to sup-
port such wide bandwidth. Normally, due to the factor of
the filter roll-off, the sampling rate (Fs) for DACs will be
slightly higher than the bandwidth value. Here, we set the
roll-off factor to 0.28, and the sampling rate for I/Q baseband
signal should be 3200MSPS, accordingly. The rest of RF
components should also support such bandwidth to keep the
signal transmitted properly.

Similarly, in the FB, due to the spectrum regrowth
generated by the PA, enough nonlinear distortion should
be captured to correctly describe the output signal. Like the
predistorted signal, the output with 5x the input bandwidth
will be considered to be enough for model extraction. Also,
the analog-to-digital converters (ADCs) should be able to
capture the output with such bandwidth. The details have
been listed in Table 1(i). From this table, it can be seen that
the Tx/FB/BB will face the huge challenge for 5G scenarios;
that is, the bandwidth requirement is too high.

2.2. DPD System with Reduced Feedback Loop Bandwidth.
To alleviate the bandwidth pressure, many researchers have
started to focus on the bandwidth reduction on the feedback
loop [13–21], as shown in Figure 2(b). Guan et al. [13] pro-
posed a bandwidth-constrained least squares-based model
extraction method to reduce the feedback loop bandwidth.
Ma et al. [14] proposed a wideband DPD technique using
spectral extrapolation of band-limited feedback signal. Liu
et al. [15, 16] proposed a general DPD architecture using
constrained feedback bandwidth for wideband PAs. Tao et
al. in [17] proposed a random demodulation based reduced
sampling ratemethod.Wang et al. in [18, 19] proposed a novel
method using low feedback sampling rate to obtain the DPD
coefficients, which is the same as the ones calculated with
high sampling rates. Huang et al. in [20] proposed a DPD
function synthesis method by using undersampled feedback
signal.Wang et al. [21] proposed a low feedback sampling rate
digital predistortion technique to linearize a PA excited by a
40MHz signal with only 2.5MSPS feedback sampling rate.
With the help of these methods, the bandwidth requirement
for feedback loop has been significantly reduced.

The successful reduction on FB bandwidth has its own
reason. It is because the goal of the feedback loop is only
to extract the right DPD coefficients, which provides the
possibility of utilizing the undersampled feedback signals.
From Figure 2(b), it can be seen that the FB bandwidth can
be reduced by different schemes, while the remaining parts
of DPD operation will remain unchanged. In this scenario, if
the 500MHz modulated signal is taken again as an example,
the FB bandwidth can be decreased to less than the original
input signal, but the bandwidth for other parts will still be
very wide. The details can be found in Table 1(ii).

2.3. DPD System with Reduced Tx/FB Bandwidth. As men-
tioned above, even if different methods have been conducted
to reduce the bandwidth requirements in the feedback loop,
the Tx bandwidth will still be very wide. The reason is that
the bandwidth of the predistorted input signal decides the
linearization bandwidth. In other words, if the compensation
of the distortion within a specified range is required, the
predistorted input signal with such range of bandwidth is
expected to be provided. From this point of view, the predis-
torted signal should occupy at least 5x the input bandwidth
to realize the full-band linearization. Therefore, it might be
impossible to lower the Tx bandwidth requirement without
changing the DPD structure.

Recently, the band-limited DPD solution [22, 23] has
been proposed to resolve the issue of the bandwidth of
Tx/FB, and consequently only 1x-2x input bandwidth will
be sufficient for the linearization. It is because this method
employs a different DPD architecture by introducing a band-
pass filter after PA as shown in Figure 2(c). It is worth
mentioning that this filter can be integrated together with
the PA design. Based on this structure, the distortion can be
divided into two parts: (1) the one within the filter bandwidth
and (2) the one out of the filter bandwidth. The former
can be removed by the predistorted input signal, while the
latter can be eliminated by the filter. Since the distortion
bandwidth to be compensated is reduced, the predistorted
input signal bandwidth can also be reduced. Therefore, the
Tx bandwidth can be narrowed to only support the filter
bandwidth. Besides, due to the filter operation, the feedback
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Figure 3: The issue of DPD model bandwidth requirements for
baseband.

loop bandwidth can also be reduced to the same level.
Therefore, this method can realize the bandwidth reduction
both on Tx and FB. Here, we take the same example. If the
input signal is a 500MHz signal, the bandwidth requirement
for both Tx and FB will be only 1x∼2x the input bandwidth,
that is, 500–1000MHz. The detailed information has been
listed in Table 1(iii). From this table, this method still requires
high baseband bandwidth for DPD generation and model
extraction.

2.4. DPD System with Reduced Baseband Bandwidth. As
discussed above, the baseband also needs high bandwidth to
correctly generate the predistorted signal without aliasing. It
might be affordable for conventional systems but will become
a huge burden in ultra-broadband mmWave scenarios.

For better understanding, let us have a look at the
structure for DPD model. As shown in Figure 3, to correctly
generate the high-order nonlinear components, the baseband
bandwidth should be upsampled to multiple times the input
bandwidth firstly to avoid aliasing for further operations [6–
10]. Here, we take the Volterra series based model [24] as
an example. For 5th-order Volterra kernel, it will occupy
2500MHz bandwidth, that is, 3200MSPS, if the roll-off factor
is taken into consideration. Therefore, proper techniques
should be developed to resolve this issue in the baseband as
shown in Figure 2(d).

In summary, based on the analysis in this section, the
bandwidth requirement can be summarized in Table 1. From
this table, with the increase of the bandwidth, the cost for the
DPD system gradually becomes unaffordable. In particular,
in the promising 5G mmWave frequency allocation, the
wideband modulated signal, for example, 500MHz, will be
a basic demand. Therefore, novel DPD architectures should
be developed.

3. Proposed DPD

In this section, a novel DPD system will be proposed to deal
with the Tx/FB/BB bandwidth limitations together.

3.1. Proposed DPD Model Derivation. As described in pre-
vious section, the nonlinear model should be employed to
correctly describe the PA’s behavior and also to form the
DPD function. Inside the nonlinear model, there are lots of
nonlinear operators, such as 5th-order operator, which will

consume huge baseband bandwidth. In particular, for the
ultra-broadband mmWave scenario, the situation becomes
severer.

To resolve this dilemma, let us rethink it.Thedecomposed
piecewise technique in [25] substitutes high-order operators
by several low-order operators. Therefore, if we employ a set
of linear piecewise segments to describe the PA nonlinear
characteristics and build the DPD functions, the required
nonlinearity can be introduced by the piecewise segments
and the operations on each segment will be linear.Thus it will
not require high baseband bandwidth.

This operation can be expressed as

𝑦 (𝑛) = 𝑁∑
𝑖=1

𝐺𝑖 ⋅ 𝑥𝑖 (𝑛) , (1)

where 𝑦(𝑛) is the predistorted signal, 𝑥𝑖(𝑛) is the decomposed
input signal, and each segment is weighted by the linear
operator 𝐺𝑖.

To further reduce the bandwidth requirements of Tx and
FB, in the proposed method, we are only focusing on the
linearization of the in-band distortion and the nearby OOB
distortion.Then,we should embed the filtering operation into
the piecewise operation at a low baseband bandwidth.

Therefore, we propose a novel method as shown in
Figure 4. Firstly, the original input signal will be processed
in parallel:

𝑥(1) (𝑛) = 𝑥 (𝑛) , 𝑛 = 1, 2, . . . , 𝑁𝑠,
𝑥(2) (𝑛) = 𝑥 (𝑛) ∗ sinc(𝑛 + 1

2) , 𝑛 = 1, 2, . . . , 𝑁𝑠, (2)

where 𝑥(1)(𝑛) and 𝑥(2)(𝑛) represent two parallel signals and
the “sinc” function will be used later in memory effect
operation. This is because the description of memory effect
in PA will usually require high data rate to achieve better
performance.The “sinc” function is one of the best functions
to obtain the interpolated point without increasing the data
rate, which is only employed in the interim procedures for
these two parallel signals.

Then, both of the signals will be decomposed into 𝑁
segments, and the threshold can be set as [𝑡1, 𝑡2, 𝑡3, . . . , 𝑡𝑁−1],
depending on the PA’s nonlinearity,

𝑥(1) (𝑛) = 𝑁∑
𝑖=1

𝑥(1)𝑖 (𝑛) , 𝑛 = 1, 2, . . . , 𝑁𝑠,

𝑥(2) (𝑛) = 𝑁∑
𝑖=1

𝑥(2)𝑖 (𝑛) , 𝑛 = 1, 2, . . . , 𝑁𝑠,
(3)

where 𝑥(1)
𝑖

(𝑛) and 𝑥(2)
𝑖

(𝑛) represent the 𝑖th segments of the
parallel signals, 𝑁 is the number of piecewise segments, and𝑁𝑠 is the number of samples.

Next, the filter operation can be included by separating
the finite impulse response (FIR) into two independent
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Figure 4: The proposed DPD model.

responses to reduce the influence of the nonlinearity caused
by the piecewise operation, as expressed as

ℎ1 (𝑛) = 0.4sinc [0.4 ⋅ (2𝑘 − 1)] ,
𝑘 ∈ [−𝐾 − 1

2 , 𝐾 − 1
2 ] ,

ℎ2 (𝑛) = 0.4sinc [0.4 ⋅ (2𝑘)] , 𝑘 ∈ [−𝐾 − 1
2 , 𝐾 − 1

2 ] ,
(4)

where ℎ1(𝑛) and ℎ2(𝑛) represent two FIR filter responses and𝐾 represents the truncated FIR response of the sinc function,
and 0.4 is selected due to the roll-off factor. In this way, the
filter operations can be embedded:

𝑢(1)𝑖 (𝑛) = 𝑥(1)𝑖 (𝑛) ∗ ℎ1 (𝑛) ,
𝑢(2)𝑖 (𝑛) = 𝑥(2)𝑖 (𝑛) ∗ ℎ2 (𝑛) ,

(5)

where 𝑢(1)
𝑖

(𝑛) and 𝑢(2)
𝑖

(𝑛) represent the convolution output
of the 𝑖th segments of the parallel signals and the designed
filters.

Later, since the PA will exhibit the memory effect that is
required to be included, we can also process it based on the
low bandwidth requirement; that is,

𝑢𝑖 (𝑛 − 𝑚) = 𝑢(1)𝑖 (𝑛 − 𝑚) + 𝑢(2)𝑖 (𝑛 − 𝑚) , (6)

where 𝑢𝑖(𝑛 − 𝑚) represents the 𝑖th segments of the 𝑚th
memory depth combined signal, which is generated in the
“Mem” block as shown in Figure 4.

Finally, (1) can be reformulated as

𝑦 (𝑛) = 𝑁∑
𝑖=1

𝑀∑
𝑚=0

𝑔𝑖 (𝑚) 𝑢𝑖 (𝑛 − 𝑚) , (7)

where 𝑦(𝑛) is the predistorted signal, 𝑔𝑖(𝑚) represents the
DPD coefficients for the 𝑖th segments of the 𝑚th memory
depth combined signal,𝑀 represents thememory depth, and𝑁 represents the number of piecewise segments.

The whole DPD model can be illustrated as Figure 4.
Since the model structure is still linear-in-parameter, the
linear identification methods, for example, least-square, are
still valid for the model extraction, as expressed below:

Y = UC, (8)

where

U =
[[[[[[
[

𝑢1 (1) , . . . , 𝑢1 (1 − 𝑀) ⋅ ⋅ ⋅ 𝑢𝑁 (1) , . . . , 𝑢𝑁 (1 − 𝑀)
𝑢1 (2) , . . . , 𝑢1 (2 − 𝑀) ⋅ ⋅ ⋅ 𝑢𝑁 (2) , . . . , 𝑢𝑁 (2 − 𝑀)

... d
...

𝑢1 (𝑁𝑠) , . . . , 𝑢1 (𝑁𝑠 − 𝑀) ⋅ ⋅ ⋅ 𝑢𝑁 (𝑁𝑠) , . . . , 𝑢𝑁 (𝑁𝑠 − 𝑀)

]]]]]]
]

, (9)

C = [𝑔1 (0) ⋅ ⋅ ⋅ 𝑔1 (𝑀) ⋅ ⋅ ⋅ 𝑔𝑁 (0) ⋅ ⋅ ⋅ 𝑔𝑁 (𝑀)]𝑇 , (10)

Y = [𝑦 (1) 𝑦 (2) ⋅ ⋅ ⋅ 𝑦 (𝑁𝑠)]𝑇 , (11)
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C = (UHU)−1 UHY, (12)

where C represents the coefficient matrix, Y represents the
output vector, and U represents the input matrix. (⋅)−1
denotes thematrix inverse operation and (⋅)H is the conjugate
transpose.

To correctly obtain the DPD model coefficients, the
input and the output of PA will be swapped for the model
extraction. In the first iteration, the input matrix U will be
calculated using the PA output signal 𝑦(𝑛). For example, in
(5), 𝑥(𝑛) can be replaced by 𝑦(𝑛) to build (9), while the
original input 𝑥(𝑛) is utilized to construct the output vector𝑌, instead of 𝑦(𝑛) in (11). From the second iteration, the input
matrixU will still be calculated by PA output signal 𝑦(𝑛), but
the output vector Y will be filled with the predistorted input
signal, instead of the original input 𝑥(𝑛). Normally, for the
DPD operation, it will require several iterations to achieve
optimal performance.

From Figure 4, only linear operations are involved in this
model and thus baseband bandwidth requirements can be
largely reduced, which makes the baseband affordable for
ultra-broadband mmWave scenario.

3.2. Complete DPD Architecture. Based on the proposed
model, the complete DPD architecture can be constructed
as shown in Figure 5. The original input signal (Point A)
will be fed into the proposed DPD generation module and
then the predistorted input signal (Point B) will be generated
within limited BB bandwidth, that is, normally, 1x-2x input
bandwidth as described above. Since the predistorted signal
is limited to a specified bandwidth, the DAC sampling rate
can be effectively reduced. And then this signal will be
upconverted and fed into the mmWave PA. Since the pre-
distorted input signal only occupies limited bandwidth, the
Tx bandwidth can also be largely reduced. Due to this merit,
only part of the distortion in PA output will be compensated
(Point C). Therefore, a band-pass filter will be employed
to suppress the remained out-of-band distortion, which is
already at relatively low level. The pass band will occupy1x-2x input bandwidth and 10–15 dB distortion suppression
should be enough for the stop band. It is worth mentioning

that the filter can be codesigned with the PA and integrated
into the output matching network of PA. Since the PA output
will only occupy limited bandwidth (Point D), only this part
will be required to be fed into the feedback loop, which
will lead to a significant reduction on the bandwidth of
the feedback loop. Both the input and output signal will
be sent into the model extraction block. In this module,
all the processing bandwidth is also limited into a specified
range.

In summary, in the proposed DPD architecture, all the
bandwidth requirements including the Tx, feedback loop,
and the baseband will be significantly reduced. The detailed
performance can be found in Table 2.

3.3. Complexity Analysis and Discussion. Since there are only
linear operations in the model, the computational cost will
be pretty low. Usually, the model complexity can be evaluated
in terms of the number of the coefficients. Therefore, for
the proposed model, the coefficient number mainly depends
on the number of the piecewise segments and the memory
depth; that is,

Coeff. Num = 𝑁 ∗ (𝑀 + 1) , (13)

where 𝑁 represents the number of piecewise segments and𝑀 represents the memory depth. Take𝑁 = 10 and𝑀 = 5, for
example; there are only 60 coefficients in total.

In summary, compared to the conventional model, the
proposed DPD architecture can provide the following advan-
tages:

(1) Low bandwidth requirements are required for the
whole DPD system, including Tx, FB, and BB, which
make the ultra-broadband mmWave DPD affordable.

(2) Low complexity is required for model construction
with linear operations only, which makes the imple-
mentation in FPGA simple.

(3) Linear operation property will keep the computation
for model extraction stable.
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Table 2: The bandwidth requirement in proposed DPD system for
a 500MHz modulated signal.

Sampling rate (MSPS) BW (MHz)
Tx 1x-2x = 640–1280 1x-2x = 500–1000
Feedback loop 1x-2x = 640–1280 1x-2x = 500–1000
Baseband 1x-2x = 640–1280 1x-2x = 500–1000
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Arbitrary waveform
generator

Vector signal generator

Upconverter

Signal analyzer

mmWave
PA

DC sources

Figure 6: The test bench.

4. Experimental Results

In this section, the test bench will be set up to validate the
proposed idea in ultra-broadband mmWave scenarios.

4.1. Test Bench Setup. The test bench was set up as shown
in Figure 6. A wideband modulated signal was generated by
the software Matlab in PC, downloaded into the arbitrary
waveform generator (Keysight M8190). Then, it will be
upconverted by an in-house designed upconverter module
and finally fed into an in-housed designed mmWave PA
module @ 41GHz. The upconverter module in Figure 7
covers a frequency range from 40.5 to 43.5 GHz and supports
bandwidth up to 800MHz. And the PA module as shown
in Figure 8 is fabricated by GaAs PHEMT MMIC (Hittite
HMC 1016) with P1dB of 24 dBm. Then, the output signal is
captured by the spectrum analyzer (Keysight N9040B) with
the specified observation bandwidth.

4.2. Test Case 1: 80MHz 4-Carrier LTE Signal. In this sce-
nario, a 4-carrier 80MHz LTE signal with the peak-to-
average power ratio (PAPR) of 7.5 dB is employed as the
test signal. The proposed model is set with the threshold[0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9], memory length 𝑀 = 5,
with only 60 coefficients. The average output power is set at
15 dBm and the observation bandwidth is set as 144MHz for
proposed method and 576MHz for conventional method for
comparison.

Figures 9(a) and 9(b) show the measured AM/AM and
AM/PM characteristics. It can be seen that the nonlinear dis-
tortion can be effectively removed by the proposed method.

Figure 9(c) shows the performance comparison for
80MHzmodulated signal between the proposed and conven-
tional techniques. The proposed method with only 144MHz
bandwidth can achieve the similar performance within the

Figure 7: The upconverter module.

Figure 8: The mmWave power amplifier.

interested bandwidth, compared to the conventional method
with 576MHz bandwidth.

The performance in detail has been listed in Table 3.
The adjacent channel power ratio (ACPR) for the proposed
method can be improved by 15 dB/16 dB, compared to the one
without DPD. The normalized mean square error (NMSE)
can be also optimized by 16 dB, which gives a good indication
for the performance in time domain.

4.3. Test Case 2: 320MHz 4-Carrier CA Signal. In this sce-
nario, a 320MHz 4-carrier LTE signal with the 7.5 dB PAPR
is used as the test signal to evaluate the performance for
forthcoming ultra-broadbandmmWave scenario in 5G appli-
cations. The proposed model is also set with the threshold[0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9], memory length𝑀 = 16,
with 170 coefficients. The average output power is set at
15 dBm and the observation bandwidth is set as 576MHz for
proposed method. However, due to the bandwidth limitation
of the test bench, the conventional method will require very
large Tx/FB/BB bandwidth and thus was not carried out in
320MHz signal test.

Figures 10(a) and 10(b) give an illustration for measured
AM/AM and AM/PM characteristics. It can be seen that the
nonlinear distortion can be successfully compensated, but
there is still somememory effect left.This is because the noise
floor for ultra-broadband mmWave test bench is pretty high,
which will inevitably affect the DPD performance. Further
investigations will be carried out in future work to optimize
the noise floor performance.
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Figure 9: Measured performance for 80MHz modulated signal. (a) AM/AM. (b) AM/PM. (c) Power spectral density.

Table 3: Measured performance for 80MHz signal.

ACPR (dBc) NMSE (dB) NRMSE (%) Sampling rate (MSPS) Analysis BW (MHz)
No DPD −32.25/−31.63 −18.47 6.8 NA NA
Conv. DPD −46.96/−47.90 −33.15 1.88 737.28 576
Proposed DPD −47.64/−47.47 −34.63 1.66 184.32 144

Figure 10(c) shows themeasured power spectrum density
with/without DPD. The details can be found in Table 4. The
proposedmethod can achieve around 10/12 dB improvements
for ACPR value and 12 dB improvements for NMSE per-
formance. It is noticeable that, by employing the proposed
DPD system, the 320MHz signal @ 41GHz can be effectively
linearized by only using 576MHz bandwidth. This merit can
reduce not only the requirement for Tx/FB, but also the
BB requirement, which will effectively overcome the main
bottleneck in the mmWave DPD system.

4.4. Model Comparison. In this part, the proposed method
will be compared with the band-limited DPD technique (BL-
DPD) [22] for both 80-MHz and 320-MHz scenarios.

Figure 11 shows the measured performance for both
scenarios. From Figure 11, it can be seen that both BL-DPD

and proposed DPD can achieve similar performance, which
provides a validation for the proposed method. However,
the bandwidth requirements are different. Table 5 illustrates
the bandwidth comparisons for both methods in detail. The
requirements for ADC/DAC sampling rates and Tx/FB band-
width are all the same. However, compared to the BL-DPD,
the proposed method can further reduce the baseband rate
to keep it at the same level as other bandwidth requirements,
which proves that the proposed method can provide the
comprehensive bandwidth reduction for the Tx, feedback
loop, and baseband.

5. Conclusion

In this paper, a novel DPD technique was proposed to
significantly reduce the bandwidth requirements for the
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Figure 10: Measured performance for 320MHz modulated signal. (a) AM/AM. (b) AM/PM. (c) Power spectral density.
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Figure 11: Measured performance comparison for (a) 80MHz modulated signal and (b) 320MHz modulated signal.
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Table 4: Measured performance for 320MHz signal.

ACPR (dBc) NMSE (dB) NRMSE (%) Sampling rate (MSPS) Analysis BW (MHz)
No DPD −33.37/−33.88 −18.37 10.22 NA NA
Proposed DPD −42.92/−45.04 −30.13 3.1 737.28 576

Table 5: Bandwidth comparison for BL-DPD and proposed DPD.

Baseband rate (MSPS) ADC sampling rate (MSPS) Tx BW (MHz) DAC sampling rate (MSPS) FB BW (MHz)
80MHz scenario

BL-DPD 737.28 184.32 144 184.32 144
Proposed DPD 184.32 184.32 144 184.32 144

320MHz scenario
BL-DPD 2949.12 737.28 576 737.28 576
Proposed DPD 737.28 737.28 576 737.28 576

Tx, feedback loop, and baseband in the context of ultra-
broadband mmWave scenarios. This proposed technique
will provide the capability of linearizing an ultra-broadband
mmWave PA with affordable resources, which can largely
extend the DPD regime into 5G mmWave era.
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