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Abstract— Changes in ambient temperature or chip temper-
ature result in variations in the in-phase and quadrature (I/Q)
gain and phase imbalance. As a consequence, the overall system
performance can be seriously degraded, especially in wideband
multi-Gb/s systems, where the I/Q imbalance is highly selec-
tive in frequency. Unless appropriately considered, temperature
drifts can decrease the image rejection ratio (IRR) of the
transmitter. This article presents a novel compensation method
for temperature-dependent transmitter I/Q imbalance over the
entire temperature range. It consists of a simple predistortion
technique that, based on a few factory characterizations of gain
and phase imbalance, is able to estimate and correct the I/Q
imbalance at any temperature, without interrupting the normal
functionality of the system. The proposed method is assessed in
a 2-GHz, 64-QAM transceiver implemented with real hardware.
The measurements show that the proposed approach is able
to keep the IRR greater than 35 dB in the entire bandwidth
and an error vector magnitude (EVM) lower than 3% over a
temperature range of 70 °C.

Index Terms—Digital predistortion, in-phase and quadrature
(I/Q) imbalance, millimeter-wave (mmW), temperature, ultra-
wideband (UWB).

I. INTRODUCTION

IGH-SPEED communications over wideband wireless
channels have emerged as a key feature of future
communications’ systems. The demand for more data has
motivated the utilization of ultra-wideband (UWB) channels
in order to provide the data rates required for future applica-
tions [1]. However, the implementation of wideband wireless
systems needs to address some challenging issues. A limiting
issue in the implementation of low-cost, low-power, and fully
integrated wireless systems is the impairments associated with
the analog chain due to component imperfections [2], [3].
Analog components cannot be made to achieve the desired
performance due to limitations in technology, cost, power
consumption, or chip areas and these imperfections can reduce
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the system performance. Moreover, when the carrier fre-
quency is high (>10 GHz) and the bandwidth is ultrawide
(>500 MHz), the analog impairments can dominate the system
performance.

In order to compensate for these imperfections, an approach
that has gained momentum is to accept the RF impairments
up to a certain degree and to compensate them digitally. This
enables keeping power consumption, size, and cost of the
transceiver (TRx) at desirable low levels and takes advantage
of advanced technology nodes with high levels of digital
integration. That is why, in order to enhance performance and
reduce costs, digital compensation has become a must in recent
years [4].

One of the most prominent impairments that degrades the
system performance of wideband systems is the in-phase
and quadrature (I/Q) imbalance caused by gain and phase
mismatches between the I and Q paths of the analog front end.
This impairment reduces the image rejection ratio (IRR) and,
ultimately, leads to a degradation of the overall performance
of the TRx [5], [6]. The literature offers multiple approaches
to compensate for transmitter I/Q imbalance in the analog
domain [7]-[10]. These methods rely on integrated tuning
knobs that modify the gain in the I/Q signal paths and
the phase difference in the quadrature local oscillator (LO)
distribution network in order to achieve IRR values in the
order of 3040 dB. However, these systems add complexity
to the integrated circuits (ICs) and the wideband channels
are usually not able to compensate for frequency-selective
imbalances caused by external components in the baseband
I and Q paths (VGAs, low-pass filters, connectors, and DACs).
Hence, in recent years, digital compensation techniques using
signal processing algorithms have become popular [2], [6],
[11], [12]. One of the main advantages of these methods is that
they can be potentially applied to any commercial off-the-shelf
(COTS) transmitter, therefore not requiring costly and complex
ad hoc 1IC design. The most common approach to digitally
mitigate the I/Q imbalance is the predistortion. Predistortion
means applying an algorithm to the baseband signal in the
digital domain, in such a way that when the predistorted signal
goes through the analog front end, the output RF signal is I/Q
balanced. In order to digitally predistort the transmitted signal,
the I/Q imbalance of the transmitter has to be estimated.

Depending on different system assumptions, such as the
frequency selectivity, the waveform, or the communication
standard, different approaches for I/Q imbalance estimation
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have been reported [2], [5], [6], [11]-[14]. However, a very
few of them investigate the effect of environmental changes,
such as the device temperature or supply voltage variations.
Reference [15] evaluates the sensitivity of different RF imper-
fections to the temperature and, after analyzing the carrier
frequency offset (CFO), power amplifier (PA) nonlinearity,
dc offsets, and I/Q gain and phase imbalance, this article
concludes that the parameter that most clearly changes with
temperature is the I/Q phase imbalance, which suffers from
significant drifts with temperature.

Various techniques that allow to minimize process—voltage—
temperature (PVT) variations of PAs have been published,
offering compensation methods of PA performance over these
variations [16]-[18]. With regard to I/Q imbalance compen-
sation, only a few analog-domain methods are robust against
PVT variations. The work in [7] can dynamically adjust the
imbalance in the LO path when environmental conditions
change without stopping the communication, but it is sensitive
to frequency-selective amplitude and phase imbalance in the
baseband components. As for DSP-based methods, although
there are methods able to compensate for process variations,
to the best of our knowledge, PVT-dependent I/Q imbalance
digital compensation methods have not been proposed for
wideband multi-Gb/s systems.

PVT variations can affect the performance of the device
and consequently, degrade the signal-to-noise ratio (SNR). For
instance, if the I/Q imbalance has been estimated at a different
temperature than the temperature at which the system is being
operational, its performance can be seriously deteriorated.
Temperature drifts can degrade the achievable IRR and other
figures of merit, such as SNR or error vector magnitude
(EVM). In order to maintain these parameters at desirable
levels, the temperature should be monitored and appropriate
changes should be made to the I/Q imbalance compensation
according to changes in the temperature [13], [19].

This article studies the influence of temperature variations
over the I/Q imbalance and offers a novel technique to
compensate for temperature-dependent transmitter frequency-
selective I/Q imbalance for wideband multi-Gb/s transmitters.
The method, which consists of a digital predistortion, is able
to compensate for the I/Q imbalance without interrupting the
normal functionality of the system. The rest of this article
is structured as follows. Section II provides a description
of the system architecture, putting special emphasis on the
issue of I/Q imbalance. Section III describes the measurement
setup and the measurement procedure. Section IV evaluates
the impact of temperature variations on the presented system
and Section V proposes different approaches to deal with
the frequency-selective I/Q imbalance under the influence of
the temperature. These techniques are validated and compared
with each other using a real hardware setup. Finally, the main
conclusions are drawn in Section VL.

II. SYSTEM ARCHITECTURE AND IMPAIRMENTS

This article considers a zero-intermediate frequency (IF)
quadrature upconversion system, which can be part of a
direct-conversion transmitter or a double-conversion transmit-
ter, in which the signal is first converted to an IF and then
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Fig. 2. Spectrum of the baseband signal with Hierarchical QAM modulation.

upconverted to a higher frequency band. The architecture of
the latter is depicted in Fig. 1, which makes up a wideband
mm-wave transmitter operating in the E-band like the one
proposed in [20]. This system will be used for the analysis
performed in this article, although the proposed method is
potentially applicable to any other zero-IF upconverter. The
system uses a 64-QAM modulation with a signal bandwidth
of 2 GHz. The digital baseband processor (DSP-TX), imple-
mented in a high performance FPGA, performs the coding,
modulation, and pulse shaping of the bits to be transmitted.
The digital samples of the modulated signal produced by the
transmitter digital baseband are converted into analog signals
in the DACs running at frequencies above 2 Gsps. The analog
front end performs the required filtering before up-converting
the baseband I and Q channels to an IF in the 15-21 GHz
band. The IF signal is up-converted to the E-band by means
of the millimeter-wave (mmW) mixer. Finally, the wideband
mmW PA is in charge of amplifying the mmW signal to
be transmitted. Due to the high channel bandwidth and high
order modulation, this architecture presents some issues that
should be addressed in order not to degrade the performance
of the TRx. An important source of signal corruption is the
ac coupling between different baseband components, which
leads to a high pass filtering of the signal [21]. The approach
taken to address this issue is to use a Hierarchical QAM
modulation, where the outputs of two individual modulators
are added in order to form the desired 2-GHz signal. The
occupied baseband bandwidth of each sub-QAM is 1 GHz and,
at the output of the Hierarchical QAM modulator, one sub-
QAM (DSO0) is centered at —500 MHz and the other sub-QAM
(DS1) is centered at 500 MHz. By adding these two complex
QAM modulated signals, the waveform shown in Fig. 2 is
obtained, whose spectrum has a null at dc.
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Yet, other imperfactions such as the I/Q gain and phase
imbalance have the potential to introduce a large degradation
in the system performance, especially when high-order mod-
ulations are used [22]. Besides, when working with wideband
systems, such as the one proposed in this article, the overall
effective I/Q imbalance can vary as a function of the frequency
over the whole band, contributing to further degradation.
This impairment has been identified as the main source of
degradation in the considered system [23].

In the literature there are several works addressing the
transmitter I/Q imbalance compensation. In most cases, the I/Q
imbalance estimation is done during regular operation of
the system i.e., they do not require a dedicated calibration
mode [14], [24]-[26]. These are usually blind techniques,
meaning that the adaptation of the pre-compensation is done
using only the knowledge of the statistics of the real infor-
mation carrying signal. These techniques allow to perform a
calibration of the device at periodic intervals without inter-
rupting its normal operation, which enables estimating time-
varying I/Q imbalance caused by temperature, biasing voltage
and aging effects [27], [28].

While this kind of techniques offer the possibility to follow
time-variant changes in the TRx front end, they present a
major drawback when applied to the transmitter: the imbalance
parameter estimation circuit includes a feedback loop from
RF back to the transmitter digital baseband with an additional
ADC, so as to sample the RF output. This is because, in order
to digitally predistort the signal to compensate for the 1/Q
imbalance, the digital signal processor requires having some
reference of the I/Q imbalance introduced by the analog front
end. As the whole effective signal is transmitted for parameter
estimation, a sampling rate of twice the signal bandwidth is
required for this ADC. When dealing with wideband signals,
as the 2 GHz considered in this article, it would lead to a very
high sampling rate of the ADC (>4 Gs/s), which consumes
several watts of power. Thus, such an approach is impractical
for wideband systems.

So as to avoid the need for a high-speed ADC, a method
based on spectral measurements using conventional labora-
tory equipment is presented in [29] and a BiSC approach
is proposed in [6], both of them dealing with transmitter
frequency-selective I/Q imbalance in the system proposed in
this article. They consist of off-line calibration techniques
that need to feed the transmitter with a series of digitally
generated calibration signals and measure the resulting RF
response. In constrast to [29], [6] consists of a novel approach,
which does not require an expensive laboratory equipment
for I/Q imbalance estimation. The measurement circuitry is
integrated into the system to be calibrated rather than being
outside, which enables in-field calibration in different operat-
ing conditions. Nonetheless, calibration requires interrupting
data transmission. These techniques are not blind, meaning
that they rely on special training signals and they need to
interrupt the normal transmission to perform the calibration.
Thus, in order to compensate for time-varying I/Q imbalance,
these techniques would require to stop the transmission to
perform a calibration from time to time.

Temperature chamber
outpu
DSP IF analog 16 0 21GHz
2 a_> front-end
14bit

PrC | Power Spectrum Analyzer

Fig. 3. Block diagram of temperature test setup.

Fig. 4. Photograph of the measurements setup.

During normal operation of the transmitter, temperature will
change. It is known that temperature drifts result in changes
in the I/Q imbalance charateristics [19], [30]. If we are able
to characterize the impact of temperature variations on the
I/Q imbalance, it might be possible to derive an approach to
compensate for the time-varying I/Q imbalance without the
need to interrupt the data transmission.

III. MEASUREMENT SETUP

In order to accurately characterize the I/Q imbalance of the
system, temperature-dependent I/Q imbalance measurements
have been performed in the aforementioned system. Fig. 3
shows a block diagram of the setup used to evaluate the
temperature impact on I/Q imbalance and Fig. 4 shows a
photograph of the measurement setup. The digital baseband
processor (DSP-TX) is implemented in a Virtex-7 FPGA
prototyping board (VC707) [31]. The FPGA is programmed in
order to generate data bits and transform them into 64-QAM
I/Q symbols. These symbols are pulse shaped by an RRC filter
and a mixer modulates each digital subband to subcarriers at
500 and —500 MHz, generating the waveform shown in Fig. 2.
The final stage of digital baseband processing is the 1/Q
imbalance precompensation filter. The structure of this filter
is shown in [6]. At the output of DSP-TX, a couple of
high-speed DACs are responsible for converting the complex
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Fig. 5. Analog front ends. (a) Harmonic I/Q upconverter implemented in
GaAs. (b) 55-nm SiGe BiCMOS I/Q upconverter.

baseband signal to the analog domain. The DAC board is a
4DSP FMC230 board, which contains a couple of 14-bit DACs
working at 2.45 Gs/s [32].

Regarding the IF analog front end, two different front ends
were analyzed in order to see whether the observed behavior
of I/Q imbalance over temperature is repeatable or not. The
block diagram of each front end is shown in Fig. 5, together
with a picture of the upconverter boards. In both front ends,
the I and Q channels coming from the DACs go through their
corresponding low-pass filters (Mini Circuits LFCN-1000D)
in order to filter the replicas produced by the DACs. The
low-pass filters are followed by passive attenuators, which
adjust the signal levels in the transmitter chain. In the first
analog front end, at the output of the attenuators, a couple
of chokes are placed in order to cancel the LO leakage and
dc offset of the analog front end by applying proper dc
voltages, as it is shown in Fig. 5(a). Following the chokes,
a GaAs harmonic upconverter (Hittite HMC710LCS) is used
to upconvert the signal. The LO signal goes through an internal
active x2 multiplier. In the second analog front end, the output
of the attenuators is directly connected to a 55-nm SiGe
BiCMOS upconverter, as it is shown in Fig. 5(b). For this
upconverter, an external buffer is used to amplify the LO
signal. In both the cases, at the output of the I/Q upconverter,
a —3-dB hybrid is placed. This way, it is possible to see the
upconverted spectrum at RF and, at the same time, feed a
downconverter that brings the RF signal back to a low-IF for
demodulation.

As shown in Figs. 3 and 5, not only the I/Q upconverter
MMIC is introduced inside the temperature chamber but also
the analog components in the I and Q branches (filters and
attenuators). The cascade response of the I and Q branches
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may not be identical and this mismatch will also contribute
to I/Q imbalance. At the output of the I/Q modulator, once
the I and Q signals have been added together after the first
upconversion, no further I/Q imbalance will be introduced.
Therefore, the E-band part of the architecture shown in Fig. 1
was not included in this article.

The output of the IF analog front end is connected to
a power spectrum analyzer (PSA) in order to capture the
transmitted signal and measure the power of certain test
tones used to estimate the imbalance [23]. The information
captured by the PSA is received by a prototype controller (PrC)
implemented on a PC. Based on the collected data, a MATLAB
software generates the appropriate control and configura-
tion signals for DSP-TX during the calibration procedure to
estimate the frequency-selective gain and phase imbalance.
Moreover, this software calculates the actual coefficients of
the I/Q imbalance precompensator filter and it can send
them to DSP-TX. In order to perform the measurements,
the desired temperature is programmed in the control panel
of the temperature chamber. Once the temperature is stable in
the chamber, the different measurements are started. The dif-
ferent procedures performed at each temperature are separated
several minutes to ensure that the dynamics of the system are
stable.

Once the temperature is stable, a measurement campaign
can be started at that temperature. A full calibration is per-
formed to estimate the current I/Q imbalance at this temper-
ature. In order to obtain the results presented in this article,
different sets of coefficients can be downloaded from PrC to
DSP-TX to perform measurements.

In order to assess the achieved I/Q imbalance compensation,
the IRR is measured using the transmission of tones and the
PSA. Moreover, in order to assess the performance of the
system, two types of measurements are performed. First, only
one of the 1-GHz subband is transmitted. The spectrum is
monitored with a PSA to check if the images generated by
the I/Q imbalance are properly removed. The same procedure
is repeated for the other subband. Second, the whole 2-GHz
signal is transmitted. The signal at the output of the I/Q
modulator is downconverted to a low-IF of 1.25 GHz and
captured using a high-speed digital oscilloscope. The captured
signal is demodulated off-line using MATLAB to obtain the
signal constellation and measure the modulation error ratio
(MER) and EVM. The time between the measurements at the
same temperature can be up to several minutes.

IV. TEMPERATURE IMPACT ON I/Q IMBALANCE
A. Measurement Results With GaAs MMIC Upconverter

Fig. 6 shows the measured I/Q phase (¢;,) and gain (a;y)
imbalance over frequency when the upconverter implemented
in GaAs was used. It is shown that the analog front-end
I/Q imbalance is highly selective in frequency. The frequency
band between 16.5 and 17.5 GHz presents higher gain and
phase imbalance compared to the frequency band between
18 and 18.5 GHz.

Due to the I/Q imbalance, an undesired image component
is generated at the mirror frequency of the desired signal.
The most common figure of merit that characterizes the 1/Q
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imbalance is the IRR. The IRR is the ratio between the signal
level of the desired signal and the image signal. The curve
labeled “Before comp.” of Fig. 7 shows the measured IRR
of the analog front end. The IRR is lower in the frequency
range between 16.5 and 17.5 GHz due to higher phase
mismatches in this frequency band. The curve labeled “After
comp.” represents the IRR after the I/Q imbalance has been
compensated using one of the methods presented in [6].

Fig. 8 shows the measured I/Q gain and phase imbalance
curves for different temperatures relative to the gain and phase
imbalance curves measured at 25 °C. For example, the curves
labeled “10 °C” are defined as

A¢1x|oo = ¢IX100 (f) - ¢tx25o (f) (1)
Aatxl()o = Otxy0 (f) - Atxys50 (f). (2)

According to this definition, the curve at 25 °C should be
zero. In the gain imbalance curves, Aa;y, the variations
with temperature are not very considerable. However, if we
analyze the phase imbalance curves, A¢;y, we can observe
phase differences up to 2° when the temperature is at 70 °C.
Analyzing Fig. 8, we can appreciate that the gain and phase
imbalance curves are shifted with temperature. Fig. 9 shows
the impact on the IRR when a factory calibration of 1/Q
imbalance has been performed at ambient temperature (25 °C)
and the system is working at a different temperature (70 °C).
The figure also compares the IRR when the calibration was
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Fig. 8. Temperature impact on gain and phase imbalance.
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Frequency (GHz)
Fig. 9. Postcalibration IRR performance.

performed at 70 °C. We can observe a decrease in the
IRR in whole band of the signal. In average, there is a
reduction of around 15 dB. Thus, we can conclude that
the postcalibration performance is significantly deteriorated,
as temperature varies. Temperature drifts have the potential
to degrade the performance in a meaningful way, and thus,
these drifts need to be carefully tracked and considered for
I/Q imbalance compensation, especially for high modulation
orders (>64 QAM) and wideband channels (>1 GHz).

As it was explained in Section II, two individual sub-
QAM signals are modulated and transmitted, each one with
a bandwidth of 1 GHz. DSO is centered at —500 MHz and
DS1 at 500 MHz, which, in IF, correspond to 17 and 18 GHz,
respectively. DSO spans from 16.5 to 17.5 GHz and its mirror
frequencies from 17.5 to 18.5 GHz, i.e., in the bandwidth
occupied by DS1. Likewise, the mirror frequencies of DS1 fall
exactly in the frequency band where DSO is transmitted. Thus,
when the whole signal is transmitted, the image components
can not been seen by just looking at the output spectrum.

In order to show the impact of the temperature during
the transmission of the whole signal, the digital baseband
processor can be set to transmit only DSO or DS1, which
allows its image component to be seen. When only DSO is
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transmitted, the waveform shown in Fig. 10 is obtained. The
spectrum labeled “Before comp.” corresponds to the case
without compensation. In this case, the image signal caused
by I/Q imbalance can be easily appreciated between 17.5 and
18.5 GHz, exactly where the DS1 would be transmitted. In the
case where the transmitter is operating at the temperature at
which it was calibrated (spectrum labeled “70 °C estimation
at 70 °C”), the figure shows that the image signal is rejected,
since it is almost at the level of the noise floor. It can be seen
that IRR values of more than 35 dB are obtained. Note that an
IRR requirement of 35 dB was reported in [29] for this system.
However, when operating at a different temperature from
the one at calibration (spectrum labeled ‘25 °C estimation
at 70 °C”), the image between 17.5 and 18.5 GHz can
be clearly appreciated. This image would be seen as noise
corrupting DS1 and it would degrade the performance of
our system. A similar conclusion can be reached by observ-
ing Fig. 11, which represents the case when DSI is being
transmitted. Based on these measurements, we can conclude
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that temperature variations result in a significant reduction in
the performance of our system.

In order to ensure that the test setup is robust and all
the observed changes in the I/Q imbalance are mostly due
to temperature variations, the sensitivity to small voltage
variations is analyzed due to significant temperature variations,
process drift, or aging of circuit components, especially low-
dropout (LDO) regulators.

In order to do so, the measurement setup shown in Fig. 3
and explained in Section III was used. In the analog front end
shown in Fig. 5(a), the GaAs I/Q upconverter is the only active
component, which is fed with a supply voltage of 5 V. Thus,
in order to evaluate the impact of voltage variations, the feed-
ing supply voltage of the I/Q modulator is varied. Variations
of £1% of the feeding voltage are considered, which is the
typical range achievable by low-cost commercial LDOs [33].
In order to analyze the combined effect of the feeding voltage
and temperature over I/Q imbalance, the analog front end was
introduced in the temperature chamber, as shown in Fig. 3,
and measurements were performed at 10 °C and 70 °C.

Figs. 12 and 13 show the impact that the feeding voltage
has on gain and phase imbalance curves, respectively, when
the transmitter is at 10 °C and 70 °C. The figures show the
gain and phase imbalance curves relative to the curves at 5 V.
Fig. 12 shows that in the considered I/Q upconverter, the gain
imbalance is not sensitive to feeding voltage variations for the
test temperatures (10 °C-70 °C). The same conclusions can
be applied to the phase imbalance, as negligible variations are
observed in the curves shown in Fig. 13. Thus, it is concluded
that the observed changes in the I/Q imbalance are mainly
caused by temperature variations.

B. Measurement Results With 55-nm BiCMOS Upconverter

The analog front end shown in Fig. 5(a) is now replaced by
the one in Fig. 5(b) in order to analyze whether the observed
behavior of I/Q imbalance over temperature is repeatable in
other systems.
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Fig. 14. 1/Q gain and phase imbalance for a 55-nm BiCMOS upconverter.

Fig. 14 represents the measured I/Q phase (¢:x) and
gain (a;y) imbalance over the whole band of frequency. Again,
we can appreciate a frequency-dependent behavior of 1/Q
imbalance. Fig. 15 shows the measured IRR of the analog
front end before and after compensation. It can be observed
that the IRR is enhanced in the whole band, achieving values
above 40 dB, as it was in the case with the GaAs upconverter.

Fig. 16 shows the gain and phase imbalance curves for
different temperatures compared to the gain and phase imbal-
ance curves at 25 °C. The phase imbalance curves show
smaller variations over temperature compared to the GaAs
upconverter. Nonetheless, higher gain imbalance variations are
observed. In any case, both gain and phase imbalance curves
show a shifting behavior with temperature, as it was observed
in Section IV-A.

Based on the measurements performed in this section,
we can draw the following conclusions. First, feeding volt-
age variations of <=+1% are shown to have insignificant
effects on gain and phase imbalance at any temperature.
Second, temperature variations have a significant impact on
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Fig. 15. IRR before and after compensation for a 55-nm BiCMOS
upconverter.
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Fig. 16. Temperature impact on gain and phase imbalance using a 55-nm

BiCMOS upconverter.

the 1/Q imbalance characteristics. Thus, Section V proposes
an approach that considers these temperature drifts in the I/Q
imbalance compensation. Such an approach should ideally be
able to compensate for I/Q imbalance without interrupting the
data transmission.

V. TEMPERATURE-DEPENDENT I/Q
IMBALANCE COMPENSATION

A. Proposed Approach

It was observed that drifts in ambient temperature trigger
changes in the transmitter behavior. Fig. 17 shows the gain and
phase imbalance over the temperature for different frequencies
of the signal band when the GaAs upconverter was used,
whereas Fig. 18 shows the corresponding SiGe BiCMOS
upconverter. As a first approximation, it can be assumed a
linear behavior with temperature for each frequency. Given
this observation, we just need to have two gain and phase
imbalance characteristics of the entire frequency band for the
estimation at any temperature.

Thus, let us suppose that a factory calibration of the trans-
mitter is done at two different temperatures, i.e., 77 and 7.
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From these calibrations, we obtain two curves of gain imbal-
ances, ar, (f) and ar,(f), and two curves of phase imbal-
ances, ¢, (f) and ¢7,(f). By linearly interpolating these set
of curves, an estimation of the phase and gain imbalance can
be obtained at any temperature. An estimation of the phase
mismatch is obtained with (3), while (4) estimates the gain
mismatch

o1 (fOlT2 — T+ ¢, (f)IT — T

¢r(fi) = - 3)
T —T T—T
G (f) = ar, (f)lT2 TJ i-OTtlrz(fz)[ 1]. @

Therefore, once the system is powered up, we just need to
measure the temperature at which the system is working, 7.
If DSP-TX stores a lookup table with the coefficients of
the precompensator filter at different temperatures, we can
select the coefficients in the LUT corresponding to the closest
temperature to the measured temperature.
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Fig. 19. Gain and phase imbalance estimation error.

B. Performance Evaluation

This section evaluates the effectiveness of the proposed
calibration technique. To do so, the test setup described in
Section III with the GaAs upconverter was used.

Fig. 19 shows different gain and phase imbalance curves
over the frequency band relative to the gain and phase imbal-
ance curves measured at 40 °C. For example, the curves
labeled “70 °C” are defined as follows:

A¢fX700 = ¢fX700 (f) - ¢fX400 (f)
Aatx7oo = Otxq00 (f) — Otxyg0 (f)

The curves measured at 0 °C and 70 °C were used as a
reference to estimate the mismatches at 40 °C. The curves
labeled “Measured at 40 °C,” which should ideally be zero,
show the gain and phase imbalance at 40 °C estimated using
(3) and (4), where 77 = 0 °C and T» = 70 °C, ¢r,(f), and
¢1,(f) are the phase imbalance curves at 0 °C and 70 °C,
and ar, (f) and ar,(f) are the gain imbalance curves at 0 °C
and 70 °C. It can be observed that the estimated imbalances
at 40 °C are very similar to the imbalances measured at this
temperature, since the curve labeled “Measured at 40 °C” is
almost zero for the whole band. Thus, it can be concluded that
both gain and phase imbalances can accurately be calculated
with the proposed method.

The curve labeled “Estimated” in Fig. 20 represents the
measured IRR when the gain and phase imbalance were esti-
mated with the proposed method, i.e., using (3) and (4). On the
other hand, the curve labeled “Recalibrated” was measured
after performing a new calibration at 40 °C. Fig. 20 shows that
when using the measured and the estimated curves, analogous
IRRs are reached: in average, 51 dB for the ‘“Recalibrated”
case and 50 dB for the “Estimated” one. Therefore, we can

(5)
(6)
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conclude that the undesired image components can be pre-
cisely rejected when using the estimated gain and phase imbal-
ances. Looking at Fig. 9, we can see an improvement of 15 dB
compared to not performing any temperature calibration.

Finally, Fig. 21 represents the spectrum when DSO is
transmitted. If we compensate the I/Q imbalance with the
proposed technique, the spectrum labeled “Estimated” is
obtained. In this case, it is shown that the undesired image is
reduced almost to the level of the noise floor. For comparison
purposes, this figure also shows the spectrum obtained when
the I/Q imbalance is compensated applying a new calibration,
the spectrum labeled ‘“Recalibrated.” Comparing both spec-
trums, negligible differences are appreciated, which confirms
that the proposed approach is accurate enough. This claim
can also be confirmed by observing Fig. 22, which shows the
spectrum when DS is transmitted. Fig. 23 shows the relative
difference between both spectrums, considering together the
image signals of DSO and DS1. The mean error is lower than
1 dB, which confirms that the proposed estimation technique
can be considered as accurate as recalibrating the system.

These results confirm that the proposed approach is able to
accurately compensate the temperature-dependent I/Q imbal-
ance using only a two temperature point factory calibrations
of gain and phase imbalance.
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Fig. 22.  DSI spectrum before and after compensation.
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Fig. 23.  Error between the estimated and the recalibrated spectrums.

C. Cost of the Proposed Method

As it was already mentioned, DSP-TX stores the coefficients
of the precompensator filter at different temperatures in lookup
tables. The size of these tables will depend on the number of
temperatures considered and the number of coefficients of the
precompensator.

Regarding the required number of temperatures, let us
suppose that we set a step of 10 °C between each set of
temperature. From the data in Fig. 17, a change of 10 °C
results in a phase imbalance of slightly less than 0.3° and
a gain imbalance of around 0.005. These values of gain and
phase imbalance result in an IRR of around 50 dB, which is
well above the IRR required for the considered application.
Thus, with a step of 10 °C between temperatures, the possible
degradation due to a discrete vector of temperatures will be
negligible. In order to cover the temperature range from 0 °C
to 70 °C with a step of 10 °C, the LUT would contain eight
sets of coefficients.

Regarding the number of coefficients, the size of the LUT
grows linearly with the order of the filter. For a filter of
order N, the LUT will have (N + 1)W bits for each temper-
ature, where W is the word size of the coefficient. For the
measurements presented in this article, the precompensator
filter was working with 21 taps. Reducing the number of
taps will directly reduce the size of the LUTs and the FPGA
consumption, but it will compromise the performance of the
I/Q imbalance compensation.

Regarding calibration time, compared to I/Q imbalance
calibration techniques that only account for process variations,
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such as the ones in [6] and [29], the proposed method doubles
the calibration time.

D. Enhancement of the Proposed Approach

In Section V-A, it was concluded that, in the considered
system, phase and gain imbalances over frequency and temper-
ature can be well approximated using a linear model. In fact,
from Fig. 17, it can be deduced that drifts in temperature do
not change the shape of the imbalance curves, as the slopes are
very similar. This observation agrees with the shifting behavior
observed in Section I'V. Because of this, it could be possible to
map the I/Q imbalance at any operating temperature without
the need to have two complete sets of gain and imbalance
curves, but only one set of curves and the rate at which the
imbalances decrease with temperature.

Modeling the relationship between the imbalances and tem-
perature as linear and with the same slope for all frequencies,
the phase and gain imbalance can be written as a function
of the temperature with (7) and (8). K is the proportionality
factor between temperature and phase imbalance, K, is the
proportionality factor between temperature and gain imbal-
ance. and ¢, (f) and a7, (f) are, respectively, the phase and
gain imbalance curves obtained when calibrating the system
at a temperature 71

br(fi) = ¢1,(f) + Ko(T — T) (7)
dr(f)) = ar, (f) + Ko (T — 7). (8)

To calculate the values of the proportionality factors, Ky
and K, only the phase and gain imbalance at one frequency,
fi, at two different temperatures are required.

Let us suppose that a factory calibration is done at a
temperature 77. From this calibration, ¢7, (f) and ar, (f) are
obtained. In addition, let us assume that we measure the phase
and gain imbalance at a frequency, f;, at a second tempera-
ture, 7>. The slope between these two points corresponds to
the proportionality factor. Thus, K4 and K, can be computed
with the following equations:

K¢ _ ¢Tz (];Z : ?17'1 (f1) 9)
k. = @) o () 00
T —T

With only these measurements, we can estimate the gain
and phase imbalance curves at the operating temperature, T,
following (7) and (8). This method, compared to the first
approach, reduces in ~50% the number of measurements that
need to be done in order to characterize the I/Q imbalance.
Thus, the increment in calibration time is <2% compared
to I/Q imbalance calibration techniques that only account for
process variations [6].

E. Comparison of Proposed Methods

In this section, the proposed methods are compared by
analyzing the accuracy of the performance obtained with
each method. To do so, the measurement setup described
in Section IIT was used.
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Figs. 24 and 25 show the spectrum when DSO and DS1 are
separately transmitted, respectively. The figures show the
obtained spectrum with the proposed methods. It is shown that
in both the cases, the image produced by the I/Q imbalance is
well attenuated, as the image is rejected in more than 35 dB
in the whole signal bandwidth. For comparison purposes,
the recalibrated spectrum is also depicted. It should be noted
that the spectrum obtained when recalibrating the system
and the ones obtained with the proposed methods are almost
identical.

Finally, the MER and EVM of the transmitted signal
are measured, so as to compare the performance and
accuracy obtained with each method. In order to do so,
100000 symbols are transmitted concurrently through DSO and
DS1. The obtained IF signal is downconverted to a low-IF
of 1.25 GHz using a commercial I/Q downconverted (Hittite
HMCO966LP4E) and this signal is captured using a high-
speed digital oscilloscope (DSO9104A), as it is shown in [6].
The signal captured by the oscilloscope is demodulated in
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TABLE I
EVM AND MER RESULTS!

EVM (%) MER (dB)

DSO | DS1 | DSO | DS1

Before comp. 34 7.0 25.7 | 19.5
First method 2.5 2.7 284 | 27.8
Second method 2.6 2.7 28.1 | 27.8
Recalibrated 2.5 2.8 28.5 | 27.2

'Normalized to the peak constellation power.

MATLAB, but this time, DSO and DS1 are separately demod-
ulated. Fig. 26 shows the obtained constellation diagrams,
where the red crosses are the reference 64-QAM symbols,
while the blue dots are the received symbols. The constella-
tions in the top row correspond to the DSO signal and the
ones in the bottom row to the DSI signal. The first two
columns correspond to the proposed methods and the last one
to the recalibrated case. In order to quantify the differences
between the three constellations, the EVM and the MER
of each constellation are illustrated in Table I. It is shown
that the distortion produced by I/Q imbalance is reduced by
recalibrating the system or using any of the proposed methods.

As a matter of fact, an improvement of more than 8 dB is
observed in the MER of DSI.

It is worth noting that we can obtain a very similar perfor-
mance with any of the proposed compensation techniques and
recalibrating the system. With the proposed methods, the EVM
is around 2.6% and the MER around 28 dB. This proves that
the proposed techniques are accurate enough to compensate
for I/Q imbalance at any temperature without the need to
recalibrate the system.

VI. CONCLUSION

This article analyzes the influence of temperature variations
over the I/Q imbalance of a wideband transmitter. It was
shown that temperature drifts cause significant gain and phase
imbalance variations. Consequently, if the I/Q imbalance was
estimated at a different temperature than the one at which
the system is operational, the IRR can be reduced in more
than 15 dB and, thus, the overall system performance can be
deteriorated.

In order to cope with this issue, this article presents
a temperature-dependent I/Q imbalance precompensation
method able to compensate for frequency-dependent I/Q
imbalance in wideband transmitters over the whole temper-
ature range. The method only needs a couple of gain and
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phase imbalance characteristics that could be performed as
factory calibrations in order to estimate the I/Q imbalance at
any temperature. In order to maintain the IRR at appropriate
levels, the temperature must be monitored and corresponding
changes must be made in the I/Q imbalance compensation
routine. In addition, the proposed estimation method can be
enhanced by taking advantage of the linear behavior and equal
slopes observed in temperature-dependent imbalance curves
in the whole signal bandwidth. This enables performing the
estimation with less information, which ultimately means a
faster calibration.

The proposed technique is validated through measurements
in a wideband TRx using 64-QAM modulation and a band-
width of 2 GHz. The results show that the proposed methods
are able to obtain a precise characterization of the gain and
phase imbalance and thus, are able to accurately compensate
an impaired transmitter. The obtained results lead to the con-
clusion that the proposed temperature-dependent I/Q imbal-
ance compensation methods are as effective as recalibrating
the system when temperature drifts are detected with the
advantage that the proposed methods avoid interrupting the
normal operation of the system. The measurements show that
the proposed approach is able to keep the IRR greater than
35 dB in the entire bandwidth and an EVM lower than 3%
over a temperature range of 70 °C.
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