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Abstract—A new combinatorial impairment-compensation
digital predistorter (DPD) for a sub-GHz IEEE 802.11af-WLAN
CMOS transmitter (TX) is proposed. For the TX to cover a
10x-wide bandwidth, the DPD implements a modified dynamic
deviation reduction (DDR)-based Volterra series to jointly nullify
the frequency-dependent I/Q imbalance, counter-intermodulation
(CIM) of mixers, and nonlinearities of power amplifier (PA)
with memory effect. The interactions of those impairments are
firstly analyzed using two Volterra series. After applying the
tandem properties of Volterra series, interactions of all impair-
ments can be described in one Volterra series by bonding those
impairments in parallel. Coefficients of the DPD are extracted
with the Least- Square (LS) estimator, achieving lower running
complexity than the existing DPDs, which were developed to
handle the PA nonlinearities only. Verifications are based on both
system-level simulations and silicon measurements of a 65-nm
CMOS TX prototype. When the TX delivers a 6-MHz bandwidth,
2048-point, 64-QAM OFDM signal at 10 dBm output power,
the measured EVM is 3.7% and adjacent channel leakage ratio
(ACLR) is 40.2 dBc under individual DPD applied at each
RF. A novel one-shot calibration for reuse in the entire TV-band
is demonstrated also, showing EVM 4.2% and ACLR 39.8
dBc.

Index Terms—CMOS, counter-intermodulation (CIM), digital
predistortion (DPD), frequency-dependent I/Q imbalance, power
amplifier (PA), RF, Volterra series, wideband transmitter.

I. INTRODUCTION

T HE IEEE 802.11af-WLAN standard [1] is opening up a
new perspective for flexible utilization of the unoccupied

TV spectrum. Sub-GHz communications are not only capable
of propagation to a longer distance when compared with the
2.4 and 5-GHz WLANs due to lower path loss, but also show
better penetration of obstacles (e.g., wall). Cognitive-radio
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transmitter (TX), which includes a wideband modulator (MOD)
and a power amplifier (PA), is one of the key enablers for
TV white space (TVWS) transmission. Yet a sub-GHz TX
[2], [3] will have a strong bandwidth-dependent [4] memory
effect accompanied with the PA nonlinearities at low fre-
quency (e.g., when a 6-MHz bandwidth signal is transmitted
at a 54-MHz RF). Also, amplitude- and frequency-dependent
[4] memory effect can be induced by the impedance of the
matching network. These nonidealities penalize the error
vector magnitude (EVM) and induce an asymmetrical spectral
regrowth to the adjacent channels, hindering the performance
of orthogonal frequency-division multiplexing (OFDM) sig-
nals. Besides the nonlinearities with memory effect of the
PA, the frequency-dependent I/Q imbalance [5], [6] and the
counter-intermodulations (CIMs) [7], [8] of the MOD also
affect the EVM and adjacent channel leakage ratio (ACLR). To
compensate those impairments, digital techniques are attractive
and have been widely studied in [6], [7] and [9]–[12]. Yet
most impairment is handled separately, and calls for add-on RF
switches [10] or a second feedback loop [5]. Any compensation
techniques for frequency-dependent I/Q imbalance can be
affected by the digital predistortion (DPD) if it resolves just
the memory effect of the PA. As a result, a combinatorial DPD
jointly addressing more impairment will be attractive. In the
prior art, the LOFT and image components are compensated
together with the PA nonlinearities with realistic complexity.
Yet the employed look-up table [11] and memory polynomial
[12] are only suitable for memoryless or low memory effect
systems. Volterra-series based DPD is common to address the
PA nonlinearities with moderate/strong memory effect [9],
[13]–[15]. Yet the EVM and ACLR achieved by the DPD
can become worse if the impairments of TX are not handled
properly. To our knowledge, only [6] applies the Volterra-series
to address the I/Q imbalance, but it is restricted to weakly-non-
linear systems and has higher complexity.
This work aims at an effective DPD that can jointly mitigate

the frequency-dependent I/Q imbalance and PA nonlinearities.
The interaction between CIMs and the nonlinearities [7] are
also compensated. As the computational complexity grows up
exponentially to describe all the impairments via a Volterra-se-
ries predistorter, a modified dynamic-derivation-reduction-
based (DDR) Volterra series predistorter is proposed to reduce
the complexity. Measurements of a 54-to-600-MHz TX in
65-nm CMOS validate that the proposed predistorter achieves
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Fig. 1. (a) Block diagram of the transmitter and (b) its equivalent model.

an ACLR 43 dBc and an EVM 4.2% over the whole TV
band, conforming to the IEEE 802.11af WLAN specifications.
The running complexity is also relaxed when comparing with
the DPD of [15] . Finally, for the first time, one-shot
mitigation of TX impairments for reuse in the entire TV-band
is investigated, which reduces the number of compensation and
computational power while keeping a satisfactory performance.
This paper is organized as follows: the nonlinear distortion

analysis via Volterra series is introduced in Section II. The pro-
posed predistorter and its running complexity are detailed in
Section III. The experimental results are given in Section IV,
and the paper is concluded in Section V.

II. NONLINEAR DISTORTION ANALYSIS VIA VOLTERRA SERIES

The simplified schematic of our wideband TX is depicted
in Fig. 1(a). The I/Q baseband (BB) signals provided by the
digital-to-analog converters are lowpass-filtered first. The BB
signals are then up-converted to RF by the harmonic-rejection
mixer. The RF signal is further purified by a tunable harmonic-
rejection filter to suppress the harmonic products of the mixer
under hard switching. Finally, the output signal of the MOD

is delivered via a wideband PA. Based on this system
model, the impairments of the MOD and PA are analyzed.

A. Impairments of MOD

Fig. 2(a) depicts the close-in spectrum of a MOD under a
two-tone input. The impairments include the inter-modulations
(IMs), and the CIMs due to mixer nonlinearity, and the image
due to I/Q imbalance. Firstly, the nonlinearity of the mixer is
considered. The harmonic-rejectionmixer and filter can bemod-
eled as a quadrature mixer with the local oscillator (LO) con-
sidered as a harmonic-rejected signal followed by a non-
linear block [Fig. 1(b)]. can be expressed as

(1)

where is the Fourier coefficient of the LO with -odd har-
monic and is the LO frequency. Thus, can be ex-
pressed as [7],

(2)

Fig. 2. The close-in spectrum of (a) MOD and (b) PA under the two-tone test.

With the presence of mixer nonlinearity, the output of the MOD
can be written as

(3)

where are the coefficients of the th-order nonlinearity. The
even-order terms can be ignored due to the differential circuitry.
Substituting (2) into (3), can be derived as

(4)

where are the normalized coefficients of . The
terms of and represent the IMs and the
counter CIMs, respectively. The nonlinearity of themixer drives
the LO harmonics to the sideband to become the CIMs. The 3rd,
7th, order of CIMs are located at the lower sideband, where
the 5th, 9th, order of CIMs are located at the upper sideband.
Next is the analysis of the dependency between I/Q imbalance

andmixer nonlinearities. Considering the I/Q imbalance, the BB
signal in (2) should be replaced by

(5)

(6)

where and are the gain and phase mismatches of the mixer,
respectively, and are the mismatch coefficients [16].
Similarly, the MOD output is obtained as

(7)
where

The I/Q imbalance introduces the image of the signal, IMs and
CIMs at themirrored frequencywith respect to . These tones
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can further degrade the EVM of the transmitted signal. The non-
linearity of the MOD with nonlinear order and finite memory
length can be modeled as

(8)

where is the th-order kernel of the Volterra
series, which indicates the dependency of the CIMs and I/Q im-
balance. The nonlinear system can then be served as a multi-
linear FIR filter due to the linear combination property where the
binomial expression describes
the IMs and CIMs.

B. RF Nonlinearities With Memory Effect
The nonlinearities of the TX are mainly generated by the PA

which can also be modeled using a Volterra-series model. To
simplify the analysis, the memory effect of the PA is ignored,
and the Volterra-series of the PA is

(9)

The even-order nonlinearity can be ignored since it cannot gen-
erate the tones at the in-band. For the 3rd-order nonlinearity,
the terms and are
in-band while and are
out-of-band and can be filtered. Thus, the simplified Volterra-se-
ries of the PA is given by

(10)

where and are the input and output of the PA,
respectively. is the th-order kernel of the
Volterra series. and represent the memory effect of the
PA. The term
represents the odd order nonlinearity. It should be noted
that only the harmonics which can generate the term

located around are considered in the PA
model.

III. PROPOSED DPD FOR MOD PA
In order to compensate the impairments of MOD PA, CIM,

I/Q imbalance and the PA nonlinearities are predistorted with
the DDR method for relaxing the complexity of Volterra-series.
Although the below analysis is based on the TV-band, the dig-
ital calibration can be extended to general wideband communi-
cations.

A. Parameter Extraction Methodology of the Proposed
Predistorter
The nonlinearities of the CIM and the PA were discussed sep-

arately in Section II to identify the different effects. Each non-
linear block can be represented by one Volterra series in the BB
model. Here, considering that two nonlinear Volterra-series are
connected in tandem, the behavior can be modeled only by one
Volterra-series [17]. As a result, comparing (8) and (10), the

IM terms of the mixer overlap with the PA. In the overall pre-
distorter, only IM terms of the PA have to be involved as the
stronger nonlinearity effect by the PA, which are corresponded
to the third and fourth terms [with parameter set ] in
(11). The remaining CIM and I/Q imbalance terms, which are
corresponded to the first and second terms [with parameter set

] in (11), are stacked in parallel with the IM terms of the
PA in the overall predistorter as shown in Fig. 3. Note that
the CIMs and I/Q imbalance terms are totally independent to
the IM terms. For the proposed predistorter (Fig. 4), the number
of coefficients has to be estimated first, as it increases expo-
nentially if the description of the MOD and PA nonlinearities is
based on the general Volterra-series. Here, the coefficients of the
Volterra-series DPD are extracted by using the th-order inverse
predistorter with the DDR method to overcome the complexity
of the general Volterra series [15], and can be represented as

(11)

where is the post-inverse predistorted signal trained by
, which is identical to the pre-inverse training [17].

represents the order of dynamics involved in DPD.
is the predistorted complex Volterra kernel of the system. In
(11), the zeroth-order dynamic compensates the memoryless
nonlinearity of the PA. The higher-order dynamics compensate
the nonlinearity of the PA coupled with the nonlinear memory
effect. For those that have they can be eliminated in
the model since the effects of dynamics are sufficiently small
in a practical PA. Further, the predistorter is the DDR-based
predistorter of [15], which can compensate the standalone
PA nonlinearities, when considering . Based on the
multi-linear properties of Volterra series, each of

is considered to be a coefficient, and is arranged to form
a vector . Thus, the
vector can directly be estimated by applying the Least Square
(LS) solution, leading to

(12)

where denotes the complex conjugate transpose.
with -samples. The matrix

includes all the product terms that
correspond to all the th-order of dynamic of the th-order
nonlinearity in each row according to the vector . Yet the
accuracy of the LS solution becomes worse as the number of
coefficients of the Volterra series increased in the model. The
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Fig. 3. Modeling the predistorter with the MOD PA.

Fig. 4. Block schematic of the proposed DPD addressing both CIM, I/Q im-
balance, and RF nonlinearities.

nonlinear system is then linearized after the th-order inverse
predistorter is connected in tandem [17]. Thus, the overall
system can be expressed as

(13)

where is the th-order Volterra operator of the system .
Note that describes the -order nonlinearity
which is assumed to be negligible because is fully linearized.
Moreover, if the CIM terms are not involved, the coefficients of
the IM terms in Volterra series will try to model those CIM terms
by themselves. Then, the accuracy of the entire model would be
obviously degraded.

B. Computational Complexity
The computational complexity of DPD arisesmainly from the

coefficients extraction stage with the LS matrix inversion and
running complexity during online compensation. As the coeffi-
cients are usually extracted offline, the running complexity of
the predistorter is an important consideration for implementa-
tion. Especially for the proposed predistorter, the performance
limit is related to the increase of the running complexity after
the CIMs and I/Q imbalance are included. In [18], the running
complexity is analyzed with the number of floating point opera-
tions (FLOPs), which counts the number of operations in com-
plex-value calculations, on the complexity-accuracy tradeoff.
Note that only complex-value addition and multiplication of
FLOPs are involved in the following analysis. For MOD PA
with the moderate memory effects of concern, a first-order dy-
namic is chosen as the dynamic cross terms is less
effective. The proposed DPD in (11) related to three parameters,
which include the order of nonlinearities of PA , the order of
CIM , and the memory length , as discussed in Section II.
The total complexity of the proposed predistorter can
be obtained from the sum of the constructing basis nonlineari-
ties with FIR filters [18] which can be expressed as

(14)

All the Volterra series based predistorters have a multi-FIR filter
structure as discussed in Section II. The number of FIR filters
is related to the considered nonlinearities. The complexity of

TABLE I
SUMMARY OF THE PROPOSED PREDISTORTER FOR IMPAIRMENTS AND ITS

COMPLEXITY

the FIR filters with respect to the FLOPs can then be
directly acquired by

(15)

where the total number of coefficients in each kernel
for proposed DPD is calculated as

(16)

In (16), the first two terms represent the memoryless DPD case
as considering the CIMs provide and interaction
of PA nonlinearities and I/Q imbalance provide terms.
The last two terms correspond to , with CIMs provide

and interaction of PA nonlinearities and
I/Q imbalance provide terms. The complexity of
the constructing basis considering most nonlinearities can be
calculated as

(17)

where and is odd. The complexity of initial construc-
tions for and costs 9 FLOPs in (17). The basis
construction for CIM and I/Q imbalance cost

while PA nonlineari-
ties of DDR cost ,
as given in Table I, where each impairment versus basic con-
struction, complexity, and number of coefficients are summa-
rized. For the complexity of hardware, the focus should be the
numbers of real-additions and multiplications on different im-
pairments as listed in Table II. Comparing with [15]
that just can compensate the PA nonlinearities, the complexity
of the proposed combinatorial DPD is more relaxed with DDR

.
The complexity of the algorithm is traded with the accuracy

of the compensation which can be analyzed by the ACLR and
EVM. The ACLR can be minimized by choosing a larger ,
which is the PA nonlinear related order. Yet the improvement of
the ACLRwill be limited for . Also, the EVM can be opti-
mized by increasing the imbalance and CIMs related order
. If the order is not sufficiently large, certain unwanted tones

cannot be compensated which will be shown in Section IV-A.
Generally, the EVM is satisfied when for compensating
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TABLE II
NUMBER OF REAL ADDITIONS ANDMULTIPLICATIONS FOR EACH IMPAIRMENTS

TABLE III
PERFORMANCE ESTIMATION OF THE PROPOSED DPD WITH IN 65-NM

CMOS AT 1.1 V AND 25 .

the 45 dBc CIMs of the mixers. Considering the FLOPs of
the proposed DPD with is 157, the power consumption,
area and the number of gates are estimated through Cadence
Encounter at 1.1 V and 25 in Table III. Thus, FLOPs of the
proposed DPD with is 639, the power consumption and
area are roughly 4x higher with case.

IV. SIMULATION AND MEASUREMENT RESULTS
The performance of the proposed DPD is evaluated by both

simulations and measurements. By considering the OFDM
signal as a multi-tone signal, a two-tone test is first exercised
in simulations to show the effect of I/Q imbalance, CIM, and
PA nonlinearities in the frequency domain. For measurements,
both two-tone and OFDM-signal-based tests are included.

A. Simulation Results
The simulation setup based on all impairments of MOD

PA is evaluated in MATLAB as plotted in Fig. 5. 5% gain
and 5 phase imbalances are assumed to represent the fre-
quency-independent I/Q imbalance, which correspond to an
initial image-rejection ratio (IRR) of roughly 30 dB. The
of LO in (1), which is considered as the Fourier series of a
square wave, is mixed with the BB signal before harmonic re-
jection. Followed by the mixer nonlinearities, the overall non-
linearities in the mixing stage can be modeled as
with and . and are
chosen such that the of mixers is 45 dBc which matches
with the practical values of the measured DUT. The FIR filter
is added to model the frequency-dependent properties of the
I/Q imbalance and the memory effect accompanying the PA.
It is known as the filter bank in the two-block model (PA
behavioral modeling [19]) and is set.
In the polynomial bank that provides the PA nonlinearities, a
5th-order polynomial with coefficients ,

and is modeled in (9)
for a wideband nonlinear PA. LS solution is then applied to ex-
tract the coefficients of the predistorted data. Finally, the DPD
is applied to the system.
With two tones at 1.2 and 1.5 MHz, the FFT under a grid

of 6000-point are plotted in Fig. 6, where the sampling rate is
100 MHz. The memory effect is insignificant in the two-tone
test, with and the dynamic is set. A predistorted

Fig. 5. Simulation setup for the MOD PA.

Fig. 6. Simulation results under two-tone tests for DPD including (a) RF non-
linearities; (b) I/Q imbalance and RF nonlinearities; (c) CIM, I/Q imbalance,
and RF nonlinearities.

signal with standalone PA nonlinearities { and
in (11), similar to [15]} is applied to test the system as shown
in Fig. 6(a). All the impairment terms created by I/Q imbal-
ance and mixer nonlinearities are tried to be tracked by the PA
nonlinearity terms . The IM and I/Q imbalance terms are
compensated up to 46 dBc. However, the unwanted tones are
introduced due to the error extraction of the coefficients when-
ever in (11). In Fig. 6(b), with the PA nonlinearities and
I/Q imbalance involved in the predistorter, the image tones are
well-compensated when comparing with Fig. 6(a). The CIMs up
to 53 dBc are not compensated. Comparatively, all the non-
linearities tones are reduced up to 73 dBc after the proposed
DPD of (11) with and is applied [Fig. 6(c)]. It
is obvious that CIM, I/Q imbalance, and PA nonlinearities must
be involved in the predistorter in order to compensate the im-
pairments of MOD PA accurately.

B. Measurement Results
The experimental setup is shown in Fig. 7. Here, the device

under test (DUT) (Fig. 8) is a TV-band MOD PA that was
fabricated in 65-nm CMOS. The circuit design of the MOD
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Fig. 7. Measurement setup. The DUT is a wideband TX designed and fabri-
cated in a 65-nm CMOS technology.

Fig. 8. Block diagram of the DUT.

is similar to [20], except the 2nd stage of the harmonic-rejec-
tion mixer, which is embedded in the filter to improve
the matching and linearity in this prototype. Inside the DUT,
the tested signals are passed through the BB passive- LPF,
up-converted with a set of Gilbert mixer, and further filtered by
a tunable filter. The RF signal is eventually boosted
by a driver amplifier (DA) and an on-chip multi-transconduc-
tance linearized push-pull PA before driving the 50- load. In
this system, all the non-ideality of MOD will be generated as
mentioned in Section II, such that it is a practical platform for
testing the proposed DPD. It operates from 54 to 864 MHz
with a 12-dBm OFDM average output power. The initial IRR
measures 25 dB. The tested BB I/Q signals are generated by
the Agilent E4438C. The output feedback signal from DUT is
captured by an oscilloscope (Agilent DSO-91304A), which has
roughly 8.5-bit amplitude resolution. The demodulation is con-
ducted in MATLAB. In the parameter estimation, the resolu-
tion is limited by the output feedback signal of the oscillator.
For concerning the fixed point effect, the 16-bit multiplication
is chosen and truncated back to 8 bits after the multiplication in
the matrix . At 300 MHz RF, the result of a two-tone test at
1.2 and 1.5 MHz, is shown in Fig. 9. All expected impairments
are measured in the DUT. The 5th, 7th, and even 9th order CIM
terms are observed in the system. Extra coefficients are hence
entailed to compensate these CIM terms in the two-tone case
with and . All the nonlinearities are suppressed up
to 43 dBc after the proposed DPD is applied. Inversion error
is introduced by the existence of the unexpected even harmonic
terms [7], which come from the output matching network of the
PA. Thus, the accuracy of the coefficients extraction is limited
by that. The next test is to apply a 6-MHz bandwidth, 64-QAM,
2048-point OFDM digital-TV signal with a 96-MHz sampling
rate. With a PAPR of 17 dB and thus a 9-dB power back-off, the

Fig. 9. Measurement result under two-tone tests.

Fig. 10. Measurements with and without DPD: (a) ACLR at 1st and 2nd adja-
cent channels ( and ), and (b) EVM. The input is a 64-QAM
OFDM signal with 2048 points and a 6-MHz bandwidth.

measured output power is 10 dBm at 54, 300, and 600-MHz
RF. Considering the moderate memory effect in the DUT, dy-
namic is set. The optimum memory length is
found by sweeping from 1 to 4. Unlike the two-tone signal,
the higher-order CIM and frequency-dependent I/Q imbalance
are overlapped as the symmetrical OFDM signal is applied. The
CIM, I/Q imbalance, and RF nonlinearities are thus mixed to-
gether to affect the EVM and the 1st ACLR. For validating the
performance of the proposed DPD, and are set
in (11) for optimal complexity-accuracy. The measured EVM
(Fig. 10) at different RF is improved from 7.1% to 3.6% at 54
MHz, 8.2% to 3.7% at 300MHz, and 8.1% to 2.8% at 600MHz.
For the ACLR, it is improved from 33.2 to 40.2 dBc, 32.3
to 41.7 dBc, and 30.2 to 40.2 dBc, respectively, for the
same set of RF. The measured AM/AM and AM/PM, with and
without the proposed DPD, are plotted in Fig. 11. As expected,
nonlinearity, memory effects and CIM have been well-compen-
sated in both AM/AM and AM/PM.
To further study the CIM, the predistorter for compensating

I/Q imbalance and PA nonlinearities in (11) are measured with
and . The improvement of EVM is degraded to

4.8% at 54-MHz, 5.2% 300-MHz, and 5.6% 600-MHz RF. The
reduction of ACLR is insignificant as the CIM terms act more
like the memory effect of PA. For the AM/AM and AM/PM
curves (Fig. 12), the convergence of the AM/AM is dominated
by the interaction of CIM and memory effect of PA. The incom-
plete compensation on nonlinearities, especially at 54-MHz RF,
is thus observed in the AM/AM curve.
A one-shot wideband calibration is measured by applying the

proposed predistorter at 300-MHz RF. The EVM is improved
to 4.1% at 54-MHz and to 4.2% at 600-MHz RF. The ACLR
stays around 39.8 to 39.9 dBc, as most nonlinearities are
cancelled in the spectrum. From the measured AM/AM and
AM/PM curves (Fig. 13), the degradation in AM/AM, AM/PM,
and EVM performance are mainly originated from the fre-
quency-dependent memory effect. Still, the performance can
fulfill the IEEE 802.11af standard, offering a new alternative to
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Fig. 11. Measured AM/AM and AM/PM curves of the proposed DPD at (a) 54
MHz; (b) 300 MHz; and (c) 600 MHz RF.

Fig. 12. Measured AM/AM and AM/PM curves of the proposed DPD with
at (a) 54 MHz; (b) 300 MHz; and (c) 600 MHz RF.

Fig. 13. Measured AM/AM and AM/PM curves of the proposed DPD at (a) 54
MHz and (b) 600 MHz RF, using the wideband characteristic measured at 300
MHz.

reduce the number of compensation and computational power
while keeping a satisfactory performance.

V. CONCLUSIONS

A combinatorial impairment-compensation DPD for a
sub-GHz IEEE 802.11af WLAN wideband TX has been pro-
posed. It addresses the frequency-dependent I/Q imbalance,
CIM and RF nonlinearities of the MOD PA. By analyzing
the system model via Volterra series, the predistorter can ef-
fectively compensate those impairments by stacking the model
of MOD in parallel with that for the PA nonlinearities. The
running complexity in terms of FLOP is analyzed, which is
more relaxed when compared with the existing predistorter
(it addresses only the PA nonlinearities). Both simulation and
measurement results validate the performance of the pre-dis-
torter under individual and one-shot wideband calibrations.
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