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Abstract—A single envelope modulator-based envelope tracking
(ET) power amplifier (PA) structure with a related digital predistortion (DPD) technique for multiple-input and multiple-output
(MIMO) wireless transmitters is presented in this paper. By generating a common tracking envelope, only one envelope modulator
is employed for controlling supply voltage of the RF PAs in all
branches in the system, which dramatically reduces the system implementation cost. Due to the structure change, additional distortion is introduced, and it is difficult to directly compensate by using
the conventional DPD because the tracking envelope is no longer
the same as the RF envelope, and thus the MIMO ET PA becomes
a two-input and one-output system. To resolve this problem, in this
paper we propose a novel DPD technique in which the PA input and
output data are reconstructed into multiple data subsets according
to variations of the tracking envelope. It converts the 2-to-1 mapping into multiple 1-to-1 ones, where the conventional DPD can be
employed again. Experimental results demonstrated that the distortion, including static nonlinearities, memory effects, and additional distortion caused by the structure change can be effectively
compensated by using the proposed DPD technique. Compared to
the conventional ET, the overall efficiency of the system is only
slightly decreased, but the system cost is much lower because only
one envelope modulator is required in the whole system.
Index Terms—Digital predistortion (DPD), envelope tracking
(ET), multiple-input and multiple-output (MIMO), power amplifier (PA), Volterra series.

I. INTRODUCTION

D

UE TO the demands for large capacity and high performance, multiple-input and multiple-output (MIMO) technique plays an important role in modern wireless communication systems, such as IEEE 802.11n wireless local area network (LAN), Worldwide Interoperability for Microwave Access (WiMAX), and 3GPP long-term evolution (LTE) [1]. Orthogonal frequency division multiplexing (OFDM) is a popular
modulation scheme, in which high-speed information data are
divided into multiple lower-speed signals that are transmitted
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nology (MIMO-OFDM) is an attractive solution for future mobile communications due to its ability to support high data rates,
large capacity, and robustness to multipath fading.
One of the main drawbacks of OFDM is that the transmit
signal exhibits a high peak-to-average power ratio (PAPR),
which often leads to very low efficiency of the RF power amplifier (PA) [2]. To resolve this problem, the envelope tracking
(ET) technique has been proposed to enable the RF PA to be
operated continuously in the compression regime over a wide
range of power levels by superimposing a control signal at the
drain/collector of the RF amplifier according to the envelope
variation of the transmit signal [3]. ET can significantly improve power efficiency of the system, especially for signals
with a high PAPR. It is therefore desirable to employ the ET
technique in the MIMO-OFDM system. However, the envelope
modulator is often difficult to design and it may add to the
system cost. If ET is used in each branch of the RF chain
in MIMO, the system cost may be further increased in some
circumstances.
To reduce cost, a MIMO ET structure employing one envelope modulator to control all RF branches of the MIMO
transmitter can be used. It is achieved by inserting an envelope
processing block in the envelope path that takes the envelope
signals from all branches and generates a common envelope
to be used as the common tracking signal for PAs in all RF
branches. Since only one tracking envelope, i.e., a common
supply voltage, is used, additional distortion will be introduced
to the system due to mis-synchronization between the supply
voltage and the envelope of the RF transmit signal in each
branch. This distortion is expected to be compensated by using
digital predistortion (DPD).
Over the past decade, many DPD models have been developed, but most of them are only suitable for a single input and
single output system, such as memory polynomials [4], [5], augmented Wiener model [6], Hammerstein and Wiener models [7],
and various truncated Volterra series [8]–[11]. In the MIMO ET
system, because one common tracking signal is used to control
all branches, the tracking signal is no longer the same as the envelope of the RF signal in each individual branch. Thus, the PA
becomes a two-input and one-output system, where the inverse
function cannot be easily found, so that the conventional DPD
can no longer be employed directly. In [12], a two-input and
two-output model was proposed, but it can only be used for compensating distortion induced by crosstalks among the MIMO
branches. In [13], a dual-input DPD model was proposed for
linearizing PAs with dynamic load modulation, and in [14] and
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[15], a similar approach was used for linearizing PAs with slow
ET. These models do not perform well in linearizing PAs in the
MIMO ET system because these single-function-based models
have limited capacity in capturing the large dynamic variations
of PA characteristics under the high-power MIMO conditions.
These models also suffered from noninvertibility and high complexity problems. A lookup-table-based memoryless predistortion was developed in [16] for compensating static nonlinearity
and distortion induced by the bandwidth reduction of the ET signals in the ET system, but memory effects were not addressed.
In this paper, we propose a new predistortion methodology, in
which we convert the 2-to-1 mapping into multiple 1-to-1 ones
by dividing the transmit data stream into different data subsets,
based on an assumption that the characteristics of the PA do
not change with the supply voltage within a very small range.
It allows the conventional single input and single output DPD
models to be employed again. In order to compensate memory
effects, neighboring samples are kept with the corresponding
inputs together to build the inverse function for the DPD. Experimental results show that the proposed DPD technique not
only effectively removes the distortion induced by the modification of the tracking signal, but also can compensate for standard nonlinearities in the ET system, such as memory effects induced by self-heating, trapping, and matching networks. In addition, to ensure high-efficiency and high-linearity operation of
the envelope modulator, effective signal-smoothing and waveform-shaping techniques are also proposed in this paper. Although more complex signal processing is required in the new
system, the overall cost is greatly reduced because only one envelope modulator is employed in the whole MIMO system.
This paper is organized as follows. In Section II, a MIMO ET
structure is introduced in comparison with the conventional ET.
The envelope processing module for this ET structure is given in
Section III. Section IV presents the new DPD technique, and the
experimental results are given in Section V, with a conclusion
in Section VI.
II. MIMO ET STRUCTURE
A. Conventional ET Structure
In an ET system, the drain (or collector) of the RF transistor
in the RF PA is dynamically controlled by the envelope modulator whose output is changing in proportion to the envelope
magnitude of the RF input. This tracking process allows the RF
PA to be continuously operated at near saturation region for
a large range of signal levels, and therefore, high power efficiency can be obtained [3]. Although the output of the ET PA
can be kept linear with the input over a wide range, there are
inherent nonlinearities in the ET system [17]–[19]. DPD is thus
normally employed to compensate for the nonlinearity in ET.
Fig. 1 shows a conventional ET system structure, which consists
of a signal source, a DPD unit, an envelope modulator, and an
RF PA. A signal source generation module is used to generate
digital baseband signals while the DPD creates the correction
for the nonlinearity of the system. A high-efficiency linear amplifier, called an envelope modulator, converts the RF envelope
into a tracking waveform to supply the drain/collector voltage
of the PA. Since the overall system can be treated as one box,

Fig. 1. Conventional ET structure.

Fig. 2. Conventional ET structure for MIMO applications.

the DPD unit is normally placed before the signal is split, and
conventional DPD models can be employed [11].
The ET system shown in Fig. 1 can simultaneously provide
high efficiency and high linearity. However, such systems
cannot be directly employed in a MIMO transmitter. Since
multiple RF chains, usually in a set of two or four, are employed
in parallel in a MIMO system, multiple ET modules and DPD
blocks must be used to control each RF PA and compensate
for their nonlinearities, as shown in Fig. 2, where a 4 4
configuration of a MIMO system is taken as an example. This
multiple-ET configuration significantly increases the cost of
the transmitter.
B. MIMO ET Structure
To reduce cost, one envelope modulator can be used to control all branches in the MIMO system, as shown in Fig. 3. In
order to generate a common tracking envelope for all branches,
one additional module, called envelope processing, is added to
the structure. This block takes the envelope signals from all
branches and generates a common envelope to be used as the
common tracking signal for PAs in all RF branches. The modification, from generating its own envelope in each branch alone
to employing a common envelope for all branches, will introduce additional distortion that is expected to be compensated by
the DPD module. Since the common envelope is shared, DPD
modules for each branch, previously placed prior to the envelope generation module, now needs to be placed after the signal
is split and in parallel with the envelope path.
Compared to the conventional ET, more signal-processing
operations must be conducted in the new structure, as we will
introduce in the following sections. These algorithms can be
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Fig. 3. Single-modulator-based MIMO ET structure.

implemented in digital circuits, which are generally cheap, and
thus they do not add much extra cost. However, removing multiple analog envelope modulators may appreciably reduce the
overall system cost.
III. COMMON TRACKING SIGNAL GENERATION
In the MIMO ET structure, an additional signal-processing
operation must be conducted to generate the common ET signal
from the multiple envelopes of the RF branches to control the
multiple RF PAs since only one envelope modulator is employed in the whole system. Meanwhile, to ensure high efficiency and high linearity, certain requirements must be satisfied
in generating the common control signal because each RF PA
is still operated in the ET mode. In this section, we propose to
generate the common tracking signal in three steps, as described
below.
Step 1: Max Operation: In the ET operation, to avoid signal
clipping, the drain supply voltage must be greater than the envelope magnitude of the RF signal to be transmitted, namely,

Fig. 4. Common envelope generation using maximum operation.

Fig. 5. Power spectral density of the envelope signal after maximum operation.

(1)
where
is the drain voltage and
is the envelope
voltage of the RF input signal. To meet this requirement in all
branches, one of the easiest ways of generating the common
tracking signal is to conduct a maximum operation in the discrete time domain, i.e.,
(2)
where
is the normalized common envelope and
is
the envelope of the th branch in the MIMO configuration. Let
us take a 5-MHz LTE signal in a 2 2 MIMO configuration
as an example. As shown in Fig. 4, the common envelope is
generated by taking the magnitude of two envelopes, whichever
is higher at the sampling point.
Step 2: Smoothing Operation: Due to the max operation, the
discontinuities in the common envelope will appear, as shown in
Fig. 4. This will deteriorate the spectrum of the envelope since
the high-frequency components will significantly increase, as
shown in Fig. 5. In a real system, the envelope modulator often
has a limited operation bandwidth. If excited by a signal with a
wider bandwidth, significant distortion will be introduced into

the system. In order to amplify the envelope signal as linear as
possible and simultaneously keep high efficiency, the common
envelope after the max operation must be optimized. In the literature, several bandwidth reduction techniques have been proposed [16], [20]. The techniques proposed in [16] are involving
frequency-domain filtering and time-domain restoration, which
is time consuming. The approach in [20] is not suitable for wideband signals.
In this paper, we propose a modified moving average method,
which is fully operated in the discrete time domain and can
be easily embedded in a digital circuit. It can be conducted
in two steps. Firstly, we apply the general moving average to
the common envelope in the discrete time domain. The general
moving average method can effectively limit the bandwidth of
the envelope signal, but the envelope cannot meet the requirement of (1) because some of the amplitudes of the new signal are
below the original values, as shown in Fig. 6, which will cause
signal clipping in the ET operation. To avoid this situation, in
the second step, we restore the amplitudes that are below the
existing values to the original ones to meet the requirement of
(1). The operation is outlined as follows:
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Fig. 8. Performance of general moving average using different number of data
points.

Fig. 6. Smoothing operation for the common envelope.

Fig. 9. Overall smoothing operation.

Fig. 7. Power spectral density of the envelope with smoothing operation of
three points.

1) moving average,
(3)

Fig. 10. Envelope after smoothing operation in the time domain.

2) amplitude restoration,
if
then
else

(4)

is the normalized envelope signal after smoothing
where
operation. After this operation, not only the discontinuities in
the envelope are removed and thus the bandwidth of the signal
is effectively reduced, but also the modified envelope meets the
requirement of (1), as shown in Figs. 6 and 7. Furthermore,
steeper attenuation of the envelope spectrum can be obtained
by increasing the number of moving average points in the time
domain, which is shown in Fig. 8. Wide-bandwidth optimization of the common envelope can also be realized by cascading
several modified moving average modules with different numbers of moving average points, as shown in Fig. 9. For instance,
after processed by three cascaded (11, seven, and three points)
modified moving average modules, the time-domain waveform
is effectively smoothed and the bandwidth of the signal is significantly reduced, shown in Figs. 10 and 11, respectively.
Step 3: Wave Shaping: Since the envelope modulator has a
certain limit on the range of output voltages, the envelope signal
needs to be mapped into the voltage range that the modulator
can supply by using a suitable wave shaping function before
entering the modulator. In this paper, we employ the following

Fig. 11. Power spectral density of the envelope after smoothing operation.

shaping function to map the envelope amplitude to the supply
voltage:
(5)
where
is the maximum shaped drain voltage,
is the
minimum shaped drain voltage, and
and are constant factors. In this study, we choose
and
.
is then normalized,
(6)
After these three above steps, a common envelope
is
generated and is to be shared among all branches of the MIMO
transmitter.
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Fig. 12. Simplified ET structure.

IV. DPD
Due to the modification of the tracking envelope, additional
distortion may be introduced. To correct these nonlinearities,
DPD must be employed. Since the tracking signal is no longer
the same as the envelope of the RF signal, the conventional DPD
is no longer applicable. In this section, we introduce a new DPD
technique to linearize the MIMO ET system as described below.

Fig. 13. Data separation procedure.

A. 2-to-1 Mapping Problem
In the conventional ET, the envelope signal is generated directly from the RF input. The whole ET system can be treated
as one box with a one-to-one mapping from input to output;
the DPD thus can be placed before the signal split, as shown
in Fig. 1. However, this is not the case that occurs in the MIMO
ET. In the new structure, the ET signal is generated from multiple branches and then used for controlling supply voltages of
all branches. In each individual branch, the tracking envelope
is not identical as that generated from its RF signal any more,
which means that for the same amplitude of the input
, the
supply voltage could be different, or vice versa, as shown in
Fig. 12, where
does not necessarily equal to the envelope of
. In a real system, since the gain of the PA normally varies
with the supply voltage, it leads that the mapping from the input
to the output
can be different under different supply
voltages,
. The output of the PA,
, now depends on
not only the input
, but also the tracking envelope signal,
. In other words, the PA now becomes a 2-to-1 mapping
system. The conventional 1-to-1 mapping is no longer applicable, and thus the conventional single input and single output
DPD models cannot be directly employed in the new system any
more.
B. Data Separation Procedure
In order to resolve this problem, in this paper we propose to
convert the 2-to-1 mapping into multiple 1-to-1 ones by reorganizing the input and output data into different subgroups according to their corresponding common envelope values. For
example, as shown in Fig. 13,
are selected
into the same group because their tracking envelope voltages are
the same, i.e., they all are equal to . The corresponding output
samples
can also be selected. Following
this procedure, specific input and output data sets can be obtained, as shown in Fig. 14,
if
then
(7)
to

A single-input and single-output transfer function from
can then be constructed and an inverse function can be

Fig. 14. Data set of input and output after data separation.

found because the characteristics of the PA are the same under
the same tracking envelope. However, this idea cannot be directly implemented in a real world because an infinite number
of transfer functions will be needed if every common envelope
value is used.
Fortunately, in practice, although the characteristic of the PA
often changes with its supply voltage, the variation is very small
if the voltage fluctuation is in a small range. This means that the
same function can be used to represent the PA behavior within a
small change of the supply voltage. In other words, we can select
the data samples according to a range of values of
rather
than a single value. To proceed, we define a set of thresholds
(8)
where is the th threshold and
olds. We also set
and
olds, the common ET signal
intervals

is the total number of thresh. By using these threshcan be divided into
(9)

The input and output data can then be separated into
data subsets according to these intervals
If
then

(10)

is the th interval of envelope signal,
is the th
where
data subset of input signal, and is the th data subset of output
signal.
In a wideband system, memory effects appear significantly,
which lead that the output of the PA depends on not only the instantaneous input, but also the past of the input. To compensate
for memory effects, the previous samples of the input must be
built into the nonlinear function of the DPD. The data selection
process above only considers the instantaneous relationships between the input and output and cannot be directly used to build
the transfer function of a memory DPD because the memory
samples may fall in a different subset of the data. To resolve
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Fig. 15. Data separation procedure for memory DPD.

Fig. 16. DPD structure for the first branch in a MIMO transmitter.

this problem, we propose to keep a few neighboring points as
memory samples when forming the data subsets. For example,
in Fig. 15,
is kept and treated as the first memory point
of
. The same procedure will be applied to other sampling
points. The data separation process (10) is modified as follows:
if
then
(11)
where
represents memory length and normally has a small
value, such as
. The final divided data subset can be
represented by
(12)
where

is the th data subset.

Fig. 17. Test bench setup.

where
is the th data subset of complex
Volterra kernel. is an odd number representing the order of the
nonlinearity, while
represents the memory length. Since the
output is linear with respect to the coefficients, a least squares
(LS) algorithm can be employed to extract the DPD coefficients.
In a matrix form, the LS-based model extraction operation [22]
can be represented as
(14)

C. DPD Model Selection and System Structure
In the original MIMO ET system, the output of the PA depends on not only its RF input, but also its tracking envelope.
After data separation, the 2-to-1 mapping is now converted to
multiple 1-to-1 ones. For instance, for each subset of input and
output data, which are gathered according to the corresponding
tracking signal values, the output now depends on the input
only. In this case, conventional DPD models can be employed
again.
In this study, the low-pass equivalent format of the first-order
dynamic deviation reduction-based (DDR) Volterra series [21]
is chosen as the DPD function for each data subset. Indirect
learning can be utilized for the model parameter extraction,
where the output of the PA
is used as the input while the
input of the PA
is as the expected output. For example,
for the th data subset

where
and
are the input and output matrix formed
from (13) for
data samples.
is the coefficients matrix
and is the number of coefficients.
represents the Hermitian transpose and
represents matrix inverse. According to
(12), there are
sets of DPD parameters to be extracted.
Once the coefficients are extracted, the new MIMO ET
system with DPD can be constructed, as illustrated in Fig. 16.
The common tracking envelope
is generated from the
envelope signals
of multiple branches
and then used as the input to the common envelope modulator.
In each branch, the DPD function is represented by

(15)

(13)

where
and
are the original input and the predistorted
output, respectively.
is the coefficient, whose
value is selected from the coefficient subsets controlled by the
corresponding value of the tracking envelope
. For instance,
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TABLE I
DPD PERFORMANCE OF PROPOSED MODEL AND DUAL-INPUT MODEL

if
coefficients.

is chosen as the present set of DPD

D. System Complexity Analysis
Compared to conventional single input and single output
DPDs, more digital signal processing (DSP) is required in
the proposed approach, but this DSP is mainly conducted in
the model extraction process. In the implementation of the
DPD unit itself, there is only one equation required, which is
the same as the conventional DPDs. The only difference is
that, instead of using the same coefficients for all the input
samples, we select the coefficients for each input sample in
the RF chain according to its corresponding instantaneous
value of the tracking envelope. It requires small memory logic
to store the pre-extracted multiple sets of coefficients and a
control circuit for coefficients selection. This implementation
is straightforward, and it is very simple and with low cost.
Compared to the dual-input model [13], the complexity of the
proposed approach is actually much lower. Since the tracking
signal is no longer the same as the envelope of the RF input,
complex nonlinearities occur in the MIMO-ET system. It is very
difficult to describe these nonlinearities by using a single function. If the dual-input model is employed, a large number (typically 200 or 300) of coefficients are required. It dramatically increases the model extraction complexity and system implementation cost. For instance, if 2000 samples are used for model extraction with 300 coefficients, 387 600 000 multiplication operations are required in solving the LS matrix [22]. In our approach,
the effects of the supply voltage are separated from the distortion caused by the normal nonlinearity of the PA. For each given
supply voltage, the PA is operated similar to a normal class-AB
mode. This PA behavior can be accurately described by using a
very simple function, e.g., a first-order truncated DDR-Volterra
model with a small number (typically less than 30) of coefficients. Therefore, even if we need to extract multiple sets of coefficients, the system complexity is still very low compared to
the dual-input model. For example, for the same 2000 samples,
only 119 491 300 multiplication operations [22] are needed in
our approach in the model extraction with 17 coefficients, even
if we repeat 100 times to extract 100 sets of coefficients. Furthermore, the multiple model extraction process can be conducted
repeatedly by using the same LS blocks because all the models
have identical structures. In the real implementation, we only
need to implement one set of LS operation units and reuse them
in the signal process, which significantly reduces implementation cost.
V. EXPERIMENTAL RESULTS
The MIMO ET structure with the proposed DPD algorithm was verified by experimental measurements. The test

Fig. 18. Measured power spectral density with and without DPD.

bench setup is shown in Fig. 17, which includes a PC with
MATLAB software, a baseband and an RF board, a high-power
GaN PA, and an envelope modulator. The main PA was operated at 2.14 GHz and was biased at class-AB mode with
V. The drain voltage
was controlled by
the envelope modulator. The tracking voltage was varied from
25 to 60 V. Standard 5- and 20-MHz LTE signals with 6.5-dB
PAPR in 2 2 and 4 4 MIMO configurations were used for
the tests. The average output power of the PA was 45 dBm.
A. Proposed Approach versus State-of-the-Art
In order to compare the performance with the state-of-theart, we implemented several relevant approaches and models
published in the literature [13]–[15] on our test bench. The best
performance we could obtain among these models was achieved
by the dual-input model [13], as presented here.
The dual-input model was proposed for linearizing PAs
with varactor-based dynamic load modulation, and it was only
tested with a low power PA excited with a 5-MHz signal.
In this test, a high-power PA with ET was employed, and a
5-MHz LTE signal with 6.5-dB PAPR in 2 2 MIMO configuration was used. The exactly same system configuration
was applied for both the approach in [13] and the proposed
approach. The common tracking envelope was generated from
two branches of the MIMO transmit chain, and then used
for controlling the supply voltage of the PA at one branch.
With the proposed approach, the input and output samples
were re-grouped into 100 subsets and a first-order truncated
DDR-Volterra model was employed with the nonlinear order
and memory length
, and 17 coefficients in
total. With the dual-input model, in order to find the optimum
coefficients, we conducted an exhausted search by sweeping
the parameters in [13, eq. (10)]. The best performance was
achieved by selecting

3324

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 60, NO. 10, OCTOBER 2012

TABLE II
PERFORMANCE OF MIMO ET VERSUS CONVENTIONAL ET STRUCTURES

Fig. 19. AM–AM characteristics: (a) conventional ET and (b) MIMO ET. AM–PM characteristics: (c) conventional ET and (d) MIMO ET.

, and 300 coefficients
in total. The normalized root mean square error (NRMSE) and
adjacent channel leakage ratio (ACLR) are given in Table I, and
the frequency spectra are plotted in Fig. 18, where we can see
that the proposed approach is at least 5 dB better in ACLR than
the dual-input model for this particular test. For signals with
wider bandwidths, the performance of the dual-input model was
much worse. As discussed in Section IV-D, in terms of system
implementation, the dual-input model is much more complex
than the proposed approach because a very large number of
coefficients are involved.
B. Conventional ET Versus MIMO ET
In the ET, the power-efficiency improvement is achieved
by dynamically varying the drain supply voltage of the RF
PA according to the envelope variations of the input signal. In
principle, the best power efficiency is obtained when the best
tracking accuracy is operated. In the MIMO ET, the tracking
voltage is no longer accurately following the RF envelope due
to the common tracking operation. The first question to ask
is: how much efficiency degradation will be suffered in the
new system. To answer this question, we conducted three tests

Fig. 20. Measured power spectral density in conventional ET and MIMO ET.

by operating the same PA with a 20-MHz LTE signal in three
different modes, which were: 1) in the conventional ET mode,
where the tracking signal was directly generated from its RF
input; 2) in the 2 2 MIMO mode, where the tracking envelope
was generated from two inputs; and 3) in the 4 4 MIMO
mode, where the tracking envelope was generated from four
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Fig. 21. AM–AM and AM–PM characteristics.

Fig. 22. Measured power spectral density of the output signal.

inputs. The results are listed in Table II, where we can see that,
for almost the same output power, the efficiency degradation is
very small, e.g., less that 3%, from one branch to four.
The results seem surprising, but they are actually true and
reasonable, especially for wideband signals. That is because the
overall efficiency of the ET is affected by the efficiencies of

both the RF PA and the modulator. In fact, accurate tracking
could achieve the best efficiency of the RF PA. However, accurate tracking may require the modulator to handle a very wideband envelope signal. Due to physical limits of the existing device technologies, the efficiency of the modulator may decrease
quickly when the bandwidth of the excitation signal increases
because switching loss is significantly increased in the modulator. Therefore, the overall efficiency is often compromised by
signal bandwidth and tracking accuracy. In the MIMO ET, the
efficiency of the RF PA is slightly reduced, but the efficiency
of the modulator is still maintained or even increased by employing a properly designed ET signal. The overall efficiency
of the system thus does not decrease significantly.
However, the linearity of the system will deteriorate, as
shown in the AM/AM and AM/PM plots in Fig. 19. In the
conventional ET, the system can be kept fairly linear although
some inherent nonlinearity exists. However, in the MIMO ET
mode, significant distortion is introduced due to modification
of the tracking signal. It is because the gain of the PA often
varies with its supply voltage, distortion will occur if the
tracking signal is not synchronized with the RF envelope. This
phenomenon also can be observed from the frequency-domain
spectra plots in Fig. 20, where we can see that the out-of-band
distortion is much higher in the MIMO system, and it becomes
worse when more branches are employed. The values of the
NRMSE and ACLR are also presented in Table II.
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TABLE III
SYSTEM PERFORMANCE WITH AND WITHOUT DPD IN 2

2 MIMO CONFIGURATION

TABLE IV
SYSTEM PERFORMANCE WITH AND WITHOUT DPD IN 4

4 MIMO CONFIGURATION

C. DPD Performance
In order to evaluate linearization performance, two types of
DPD were employed, which were: 1) memoryless DPD, where
the memory length was set to zero and 2) memory DPD, where
the memory length was set to 1. A 20-MHz LTE signal is used
as the test signal with 2 2 MIMO and 4 4 MIMO configurations. Fig. 21 shows AM/AM and AM/PM characteristics of
the PA in one of the branches in the 2 2 MIMO configuration. Before DPD, we can see that significant distortion occurs.
With the memoryless DPD, the majority distortion is removed,
leaving only small residuals. While with the memory DPD, the
nonlinearity is almost completely compensated, including the
additional distortion and inherent nonlinearity in the ET. Fig. 22
shows the measured power spectral density of the output signal,
where we can see that the out-of-band distortion is dramatically
reduced with the memoryless DPD and a further improvement
can be made with the memory DPD. Similar performance was
achieved in the other branch in the 2 2 MIMO configuration.
Table III gives a summary of the system performance for both
branches in the 2 2 MIMO configuration. For branch 1, the
NRMSE is improved from 14.4% to 3.22% with a memoryless
DPD and further improved to 2.17% with a memory DPD. The
ACLRs are as low as 43 and 49 dBc at 20- and 40-MHz
offsets with a memoryless DPD, and 50 and 51 dBc with
a memory DPD, respectively. The efficiency is dropped by 2%
due to the DPD operation. For branch 2, the ACLRs are also
as low as 43 and 49 dBc at 20- and 40-MHz offsets with a
memoryless DPD, and 50 and 52 dBc with a memory DPD,
respectively. The efficiency is dropped by 3% due to the DPD
operation.
The measured performance in the 4 4 MIMO configuration is summarized in Table IV. Due to the common envelope

being generated by envelope signals from four branches, the
ACLRs performance before DPD is worse than that in the 2 2
MIMO configuration, e.g., further 2-dB deterioration, from 26
to 24 dBc at 20-MHz offset. After memory DPD linearization, the ACLRs performance is improved by 24 dB, reaching
48 and 50 dBc at 20- and 40-MHz offset for all branches.
Compared to the one in 2 2 MIMO configuration, the efficiency for each branch is dropped by 3%, from 40% to 37%.
The AM/AM, AM/PM, and spectra performance are very similar to those shown in Figs. 21 and 22. To avoid duplication, we
do not include them here.
VI. CONCLUSION
In this paper, an ET structure for MIMO applications has been
presented, where only one envelope modulator is employed,
which significantly reduces the cost of the system. It is achieved
by inserting an envelope processing block in the envelope path
that takes the envelope signals from all branches and generates a
common envelope to be used as the common tracking signal for
PAs in all RF branches. Since only one common supply voltage
is used, the tracking envelope is no longer synchronized with
the RF envelope, and thus additional distortion is introduced
to the system due to the gain variations of the RF PA in each
branch. To compensate this distortion, we proposed a new DPD
technique, where the 2-to-1 mapping is converted into multiple
1-to-1 ones, and thus conventional DPDs can be employed in
each data subset. Experimental results have demonstrated that
the nonlinear distortion in the system can be effectively compensated by the proposed DPD. Although the power efficiency
is slightly dropped due to the structure change, the cost of the
overall system is dramatically reduced since only one envelope
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modulator is employed. As price pressure becomes more demanding in the commercial market, the proposed solution will
be very attractive in the future MIMO transmitter development.
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