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(57) ABSTRACT

Embodiments include transceivers and transmit 1Q imbal-
ance correction methods. A transmitter lineup, which
includes an equalizer and an RF modulator, receives a stream
of'baseband samples having real and imaginary components,
processes the real components along a first channel, and
processes the imaginary components along a second channel
to produce processed real and imaginary components. The
equalizer equalizes at least one of the processed real compo-
nents and the processed imaginary components to compen-
sate for offset frequency-dependent components of transmit-
ter IQ imbalance. The RF modulator receives and modulates
analog versions of the equalized samples, resulting in an
analog RF signal. An embodiment also includes a balancer
adapted to apply 1Q gain and phase correction to the equalized
samples to compensate for offset frequency-independent
components of the transmitter IQ imbalance. A calibration
processing subsystem determines filter coefficients used by

Int. CI. the equalizer and IQ gain and phase correction values used by
HO4L 27/01 (2006.01) the balancer.
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RADIO TRANSMITTER IQ IMBALANCE
MEASUREMENT AND CORRECTION
METHODS AND APPARATUS

TECHNICAL FIELD

[0001] Embodiments of the inventive subject matter relate
to signal processing in wireless transmitters and transceivers,
and more particularly to measuring and correcting transmitter
1Q amplitude and phase imbalances present in signals that are
processed in transmitters.

BACKGROUND

[0002] In aconventional cellular telephone, a modem pro-
vides a stream of complex, digital baseband samples to a
transmitter, where the baseband samples are represented by
real components and imaginary components (e.g., I and Q
components). Along a digital portion of the transmitter
lineup, the real components are processed along a first chan-
nel (a “real” channel), and the imaginary components are
processed along a second channel (an “imaginary” channel),
which is parallel to the first channel. The digital processing
along either channel may include multiplexing, filtering,
power control, and up-sampling processes, among other
things. After converting the digitally-processed real and
imaginary components to the analog domain (e.g., using digi-
tal-to-analog converters), the resulting analog signals corre-
sponding to the real and imaginary channels are filtered, in
parallel, along a subsequent, analog portion of the transmitter
lineup. The parallel, filtered analog signals are then modu-
lated to produce a single-channel, analog radio frequency
(RF) signal. The RF signal is then amplified and radiated onto
the air interface.

[0003] Ideally, along the analog portion of the transmitter
lineup in which the real and imaginary signal components are
processed along parallel channels (e.g., portions of the digi-
tal-to-analog converter, analog filter, and modulator), the cir-
cuit elements along one channel would be perfectly matched
with corresponding circuit elements along the other, parallel
channel. In actuality, however, the corresponding circuit ele-
ments along the real and imaginary channels are likely to have
slight or relatively significant operational differences from
each other due to manufacturing process variations and
geometry differences, among other things. These differences
may produce non-negligible amplitude differences (“ampli-
tude-IQ-imbalances™) and phase differences (“phase-IQ-im-
balances™) between the real and imaginary signals that are
processed along the parallel channels.

[0004] Non-negligible amplitude-IQ-imbalances and
phase-IQ-imbalances may be imposed by transmitters that
are adapted to implement 2G (second generation), 2.5G (2.5
generation), 3G (third generation), and/or other wireless
communication technologies. The characteristics of the
modulation techniques performed in these conventional
transmitters are such that factory calibration procedures (e.g.,
performed during manufacture) may be sufficient to provide
adequate transmitter IQ imbalance correction across typical
ranges of the device’s operational parameters (e.g., transmit
frequencies, battery charge, temperature, and so on). How-
ever, these factory calibration procedures tend to be time
consuming, and therefore they do increase manufacturing
time and cost.

[0005] More recent 4G (fourth generation) wireless com-
munication technologies, however, propose to implement
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modulation techniques in which factory calibration may be
impractical (e.g., too time-consuming to perform, and thus
too costly). More particularly, at least some devices imple-
menting 4G technologies may use OFDM (Orthogonal Fre-
quency Division Multiplexing) for digital, multi-carrier
modulation. With OFDM, a large number of closely-spaced,
orthogonal sub-carriers are used to carry data within a fre-
quency band. Within the band, each sub-carrier is positioned
at a distinct offset frequency from a substantially band-cen-
tered carrier frequency. Data to be transmitted are divided into
multiple parallel data streams (i.e., one for each sub-carrier),
and the data stream corresponding to each sub-carrier is
modulated with a conventional modulation scheme (e.g.,
QAM (Quadrature Amplitude Modulation) or PSK (Phase
Shift Keying)). Effective factory calibration may necessitate
calibration procedures for some or all sub-carriers associated
with some or all carrier frequencies within the operational
bandwidth. Accordingly, factory calibration for 4G devices
would be even more time consuming than factory calibration
procedures for 2G, 2.5G, and 3G devices. Because this would
significantly increase manufacturing time and cost for 4G
devices, factory calibration for 4G devices is an undesirable
approach to providing transmitter 1Q imbalance correction.
[0006] As an alternative, transmitter IQ imbalances may be
left uncorrected. However, in devices in which modulation
techniques such as those associated with 4G technologies are
implemented, non-negligible transmitter IQ imbalances, left
uncorrected, may result in unacceptably poor image rejection
at some offset frequencies within the operational bandwidth.
Accordingly, methods and apparatus are desired for measur-
ing and correcting for transmitter IQ imbalances in wireless
devices in which such imbalances may result in unacceptably
degraded signal quality (e.g., wireless devices in which
OFDM is performed). Additionally, it is desired that such
methods and apparatus do not include time consuming fac-
tory calibration procedures.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] FIG. 1 illustrates a simplified block diagram of a
wireless device, in accordance with an example embodiment;
[0008] FIG. 2 illustrates a simplified block diagram of
transceiver with an 1Q imbalance correction system config-
ured in a pass-through mode, in accordance with an example
embodiment;

[0009] FIG. 3 illustrates a simplified block diagram of
transceiver with an 1Q imbalance correction system config-
ured in a bypass mode, in accordance with an example
embodiment;

[0010] FIG. 4 illustrates a simplified block diagram of cali-
bration subsystem, in accordance with an example embodi-
ment;

[0011] FIG. S illustrates a flowchart of a method for per-
forming calibration and IQ imbalance correction, according
to an example embodiment;

[0012] FIG. 6 illustrates a flowchart of a method for deter-
mining and setting the transmit 1Q gain correction value and
the transmit 1Q phase correction value, according to an
example embodiment;

[0013] FIG. 7illustrates a simplified block diagram of vari-
ous processing components associated with determining a
transmit IQ gain imbalance, according to an example embodi-
ment;
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[0014] FIG. 8 illustrates a simplified block diagram of vari-
ous processing components associated with determining a
transmit 1Q phase imbalance, according to an example
embodiment; and

[0015] FIG. 9 illustrates a flowchart of a method for deter-
mining and setting equalizer filter coefficients, according to
an example embodiment.

DETAILED DESCRIPTION

[0016] Embodiments described herein include methods
and apparatus for measuring and correcting IQ amplitude and
phase imbalances present in signals that are processed in
transmitters. The incorporation of various embodiments may
be particularly advantageous in wireless systems, networks,
and devices adapted to implement 4G (fourth generation)
wireless telephone technologies, and more particularly in
wireless systems, networks, and devices that implement
OFDM (Orthogonal Frequency Division Multiplexing) as a
digital, multi-carrier modulation technique. However, it is to
be understood that embodiments also may be implemented,
for example, in wireless systems, networks, and devices
adapted to implement 2G (second generation), 2.5G (2.5
generation), 3G (third generation), and/or other wireless tele-
phone technologies and/or modulation techniques. For
example, but not by way of limitation, embodiments may be
implemented in wireless systems, networks, and devices that
operate in accordance with one or more of various standards
within a group that includes the family of 3™ Generation
Partnership Project (3GPP) standards (e.g., Global System
for Mobile Communications (GSM) standards and/or Univer-
sal Mobile Telecommunications System (UMTS) standards).
Examples of such standards include, but are not limited to,
UMTS Rev. 8 (e.g., 3GPP Long Term Evolution (LTE),
Enhanced Data Rates for Global System for Mobile Commu-
nications (GSM) Evolution (EDGE), Wideband Code Divi-
sion Multiple Access (W-CDMA), UMTS Time Division
Duplexing (UMTS-TDD) (e.g, TD-CDMA and
TD-SCDMA), and General Radio Packet Service (GPRS).
Alternate embodiments may be implemented in wireless sys-
tems, networks, and devices that operate in accordance with
one or more other standards within a group that includes the
family of 3"/ Generation Partnership Project 2 (3GPP2) stan-
dards. Although a particular type of wireless system, network,
and/or device may be described herein for example purposes,
the example system is not to be interpreted as limiting the
scope of the various embodiments or the claims only to the
below-described system or device.

[0017] FIG. 1 illustrates a simplified block diagram of a
wireless device 100, in accordance with an example embodi-
ment. Device 100 is adapted to transmit electromagnetic sig-
nals over an air interface. In a particular embodiment, wire-
less device 100 is adapted to transmit radio frequency (RF)
signals over the air interface that are modulated using an
OFDM digital modulation technique, although wireless
device 100 may be adapted to transmit different types of RF
signals over the air interface that are modulated using differ-
ent modulation techniques, in other embodiments. Wireless
device 100 may be incorporated into a variety of different
types of apparatus. For example, but not by way of limitation,
wireless device 100 may be incorporated into a cellular tele-
phone, a radio, a personal data assistant (PDA), a computer
(e.g., alaptop, notebook, desktop or other type of computer),

Sep. 16,2010

a mobile internet device (MID), and/or another device that is
adapted to transmit electromagnetic signals over an air inter-
face.

[0018] Wireless device 100 includes at least one baseband
processing subsystem 102, transceiver 104, analog RF trans-
mit (TX) filter 106, analog RF receive (RX) filter 108, power
amplifier 110, diplexer/switch 114, antenna 116, user inter-
face subsystem 120, memory subsystem 122, and power sup-
ply subsystem 124, in an embodiment. These subsystems are
operably coupled together as illustrated in FIG. 1, where the
term “operably coupled” means that, during operation, sig-
nals, information, or other electric energy are transmissible
through various interconnections between the subsystems.
The interconnections between the subsystems may be direct
interconnections that include conductive transmission media,
or may be indirect interconnections that include one or more
intermediate electrical components. Although certain inter-
connections are illustrated in FIG. 1, it is to be understood that
more, fewer or different interconnections may be present in
other embodiments.

[0019] User interface subsystem 120 may include one or
more user interface components adapted to enable a user to
input commands or other information (e.g., speech and data)
into device 100 and/or for device 100 to provide visual, audi-
tory, or mechanical indicia intended to convey information to
the user. For example, but not by way of limitation, user
interface subsystem 120 may include one or more display
screens, touch screens, lights, speakers, microphones, vibra-
tion devices, keypads, buttons, dials, and/or other compo-
nents adapted to receive input commands or information and/
or to convey information to the user.

[0020] Memory subsystem 122 may include one or more
components adapted to store digital information in a retriev-
able format. For example, but not by way of limitation,
memory subsystem 122 may include one or more removable
or non-removable, volatile or non-volatile memory compo-
nents, such as read only memory (ROM)-based memory com-
ponents, random access memory (RAM)-based memory
components, compact disks (CDs), digital video disks
(DVDs), and/or magnetic storage media (e.g., hard disks or
floppy disks), to name a few.

[0021] The baseband processing subsystem 102 is adapted
to perform various functions. These functions may include,
for example, interfacing with the at least one memory sub-
system 122 to store and retrieve data, interfacing with the at
least one user interface subsystem 120 to receive or provide
information and signals, and performing various power con-
trol functions in conjunction with the at least one power
supply subsystem 124. In addition, baseband processing sub-
system 102 is adapted to generate baseband, digital transmit
signal 130 and to process baseband, digital receive signal 144.
Generating digital transmit signal 130 may include, for
example, packetizing data (e.g., symbols modulated using
QAM (Quadrature Amplitude Modulation)) in compliance
with a pre-defined protocol and performing error correction,
among other things. According to an embodiment, digital
transmit signal 130 includes a stream of complex, digital
baseband samples, where real (I) components of the samples
are provided in parallel with imaginary (Q) components of the
samples. Similarly, digital receive signal 144 includes a
stream of complex digital baseband samples represented by
parallel streams of real and imaginary sample components.
Processing the digital receive signal 144 may include, for
example, parsing, demodulating, and processing data repre-
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sented in the digital receive signal 144 in accordance with the
pre-defined protocol with which the digital receive signal 144
was produced.

[0022] As will be described in more detail in conjunction
with FIG. 2, transceiver 104 includes a transmitter lineup
(e.g., transmitter lineup 202, FIG. 2), a receiver lineup (e.g.,
receiver lineup 204, FIG. 2), and a calibration subsystem
(e.g., calibration subsystem 206, FIG. 2). In simplified terms,
the transmitter lineup is adapted to receive the digital transmit
signal 130 from baseband processing subsystem 102, to pro-
cess and convert the digital transmit signal 130 into an analog
signal, and to up-convert the analog signal to an RF fre-
quency, in order to produce an analog RF transmit signal 132.
The analog RF transmit signal 132 is filtered by RF transmit
(TX) filter 106 (e.g., an analog implementation of a finite
impulse response (FIR) filter, such as a surface acoustic wave
(SAW) filter), and the resulting filtered transmit signal 134 is
amplified by amplifier 110 (e.g., an amplification subsystem
that includes a power amplifier). During a transmit interval,
the resulting amplified RF transmit signal 136 may then be
provided by diplexer/switch 114 to antenna 116, which radi-
ates the signal onto the air interface.

[0023] RF signals transmitted by the device’s antenna 116
may be received by infrastructure (e.g., a base station or
“Node B”, not illustrated) associated with a wireless commu-
nication system. According to prevailing regulations, the
wireless device 100 may be restricted only to transmit RF
signals within a pre-defined “uplink™ frequency band. For
example, a particular communication system may support
communications within a frequency band between about
1920 megahertz (MHz) and about 1980 MHz, which corre-
sponds to about 60 MHz total bandwidth. In alternate
embodiments, a communication system may support com-
munications within different frequency bands and/or may
have a wider or narrower bandwidth.

[0024] Antenna 116 also may receive an RF signal present
on the air interface, and during a receive interval, the RF
receive signal 140 may be provided by diplexer/switch 114 to
RF receive (RX) filter 108 (e.g., a SAW filter). RX filter 108
filters the RF receive signal 140, and provides the resulting
filtered, RF receive signal 142 to the receiver lineup of trans-
ceiver 104. Again, in simplified terms, the receiver lineup of
transceiver 104 is adapted to down-convert and demodulate
the RF receive signal 142, among other things, and to convert
the resulting baseband, analog, receive signal into the base-
band, digital receive signal 144. The baseband, digital receive
signal 144 is then processed by baseband processing sub-
system 102.

[0025] As mentioned above, transceiver 104 includes a
transmitter lineup (e.g., transmitter lineup 202, FIG. 2), a
receiver lineup (e.g., receiver lineup 204, FIG. 2), and a
calibration subsystem (e.g., calibration subsystem 206, FIG.
2), according to an embodiment. As will be described in
further detail below, the calibration subsystem is adapted to
perform a calibration procedure, in which the calibration
subsystem provides one or more input calibration tones (e.g.,
tones at a plurality of different frequencies) to the transmitter
lineup, feeds back a resulting RF signal that is produced by
the transmitter lineup to the receiver lineup, and receives a
resulting, output digital signal from the receiver lineup. Based
on the received digital signals, the calibration subsystem is
further adapted to estimate 1Q imbalances produced by the
transmitter lineup, and to calibrate an equalizer and balancer
within the transmitter lineup in order to correct for the IQ
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imbalances, according to various embodiments. These pro-
cedures will be described in more detail in conjunction with
FIGS. 2-9.

[0026] FIG. 2 illustrates a simplified block diagram of
transceiver 200 with an IQ imbalance correction system 201
configured in a pass-through mode, in accordance with an
example embodiment. As will be explained in more detail
below, the IQ imbalance correction system 210 may be con-
figured in the pass-through mode (as opposed to a bypass
mode, described later in conjunction with FIG. 3) during the
processing of data-bearing samples (e.g., digital input
samples 240, described below).

[0027] Transceiver 200 includes a transmitter lineup 202, a
receiver lineup 204, and a calibration subsystem 206, accord-
ing to an embodiment. According to an embodiment, all or
substantially all of the transceiver lineup 202, the receiver
lineup 204, and the calibration subsystem 206 are located on
a single integrated circuit (e.g., a “transceiver IC”). In other
embodiments, all or portions of the transceiver lineup 202, the
receiver lineup 204, and/or the calibration subsystem 206
may be dispersed across multiple integrated circuits. For pur-
poses of clarity, the functionality of transmitter lineup 202
and receiver lineup 204 during normal data transmission and
reception will first be described in detail. Calibration sub-
system 206 will be described in more detail later, in conjunc-
tion with a description of calibration procedures that may be
performed by the transceiver 200, according to various
embodiments.

[0028] Inanembodiment, transmitter lineup 202 receives a
sequence of digital input samples 240 (e.g., baseband, digital
transmit signal 130 from baseband processing subsystem
102, FIG. 1). The sequence of digital input samples 240
includes a baseband sequence of multiple input data samples,
which may include, for example, a sequence of discrete time
samples of a signal to be transmitted (e.g., a transmission
burst). In an embodiment, the sequence of digital input
samples 240 includes a sequence of complex values repre-
sented in Cartesian coordinates, so that each value has a real
part (I) and an imaginary part (Q), which are received in
parallel, as shown in FIG. 2. Accordingly, digital input
samples 240 may include a sequence of values that may be
represented as X(k)=[I(k), Q(k)], where k indicates a sample
number and k=1 . . . K, I(k) represents a real part of an input
data sample, and Q(k) represents an imaginary part of an
input data sample. In alternate embodiments, digital input
samples 240 may include sequences of values represented in
polar coordinates or some other representation. Digital input
samples 240 could represent, for example, baseband, time-
domain representations of a sequence of symbols. According
to an embodiment, digital input samples 240 may be provided
ata GSM data rate (e.g., about 270,833 symbols/second on an
I-channel), at an EDGE date rate (e.g., about 270,833 sym-
bols/second on an I-channel and a Q-channel), at a WCDMA
rate (e.g., about 3,840,000 symbols/second on an I-channel
and a Q-channel) or at an LTE rate (e.g., a variable rate),
although digital input samples 240 may be provided at differ-
ent data rates, in other embodiments.

[0029] Transmitter lineup 202 includes a multiplexer
(MUX) 210, pulse shaping filter 212, peak-to-average ratio
(PAR) adjust module 214, complex rotator 216, IQ equalizer
218, IQ balancer 220, power control module 222, up-sampler
224, digital-to-analog converters (DAC) 226, 228, baseband
filters (BBF) 230, 232, and modulator 234, according to an
embodiment. A first, digital portion of the transmitter lineup
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202 includes MUX 210, pulse shaping filter 212, PAR adjust
module 214, complex rotator 216, 1Q equalizer 218, 1Q bal-
ancer 220, power control module 222, up-sampler 224, and
portions of DACs 226, 228. A subsequent, analog portion of
the transmitter lineup 202 includes other portions of DACs
226, 228, BBFs 230, 232, and modulator 234. Between the
input to MUX 210 and modulator 234, the real parts of the
digital input samples 240 or digital calibration tone samples
242 (described later) are processed along a first channel (a
“real” channel), and the imaginary parts of the digital input
samples 240 are processed along a second channel (an
“imaginary” channel), which is parallel to the first channel.

[0030] MUX 210 is adapted to receive the digital input
samples 240 and digital calibration tone samples 242, to
select one or the other of samples 240 or 242, and to pass the
selected digital samples 244 to pulse shaping filter 212. The
digital calibration tone samples 242 and the conditions under
which they are selected will be described in more detail later.
Pulse shaping filter 212 is adapted to implement a pulse
shaping filter to modify the spectral shape of the selected
digital samples 244 in order to meet the spectral requirements
of any applicable standard (e.g., a 3GPP LTE or other stan-
dard). Peak-to-average ratio (PAR) adjust module 214 is
adapted to apply complex processing to reduce the ratio of
peak sample power (over one to N packets) to average sample
power (over the same duration).

[0031] According to an embodiment, the PAR-adjusted
digital samples 248 may be processed by complex rotator 216
during a calibration procedure, which will be described in
more detail later. When a calibration procedure is not being
performed (e.g., during the processing of data-bearing, digital
input samples 240), the PAR-adjusted digital samples 248
bypass complex rotator 216 and are provided to IQ imbalance
correction system 201 on real and imaginary channels 250,
252, according to an embodiment. According to an alternate
embodiment, when the calibration procedure is not being
performed, complex rotator 216 may be configured to apply a
zero degree rotation to the PAR-adjusted digital samples 248,
in order to produce signals on the real and imaginary channels
250, 252. For purposes of clarity, complex rotator 216 will be
described in more detail later, in conjunction with the descrip-
tion of the calibration procedure. In an alternate embodiment,
complex rotator 216 is excluded altogether from system 200
(i.e., complex rotation of the PAR-adjusted digital samples
248 is not performed, even during the calibration procedure).

[0032] The IQ imbalance correction system 201 includes
1Q equalizer 218 and IQ balancer 220. During the processing
of data-bearing samples (e.g., data-bearing, digital input
samples 240), the transmitter lineup 202 (or more particu-
larly, the IQ imbalance correction system 201) is configured
in a pass-through mode, as shown in FIG. 2. According to an
embodiment, the IQ imbalance correction system 201 may be
configured into the pass-through mode or into a bypass mode
through the manipulation of a plurality of switches of a mode
select switching network 203. As will be described in more
detail in conjunction with FIG. 4, the switches of the mode
select switching network 203 may be controlled based on a
configuration control signal 352 provided by calibration sub-
system 206. When the switches of the mode select switching
network 203 are controlled into a first configuration (as
shown in FIG. 2), the IQ imbalance correction system 201 is
configured in a pass-through mode. When the switches of the
mode select switching network 203 are controlled into a
second configuration (as shown in FIG. 3), the transmitter
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lineup 202 (or more particularly, the IQ imbalance correction
system 201) is configured in a bypass mode. Essentially, the
mode select switching network 203 is adapted to route the
processed real components and the processed imaginary
components around IQ equalizer 218 during a calibration
procedure and to route the processed real components or the
processed imaginary components through the 1Q equalizer
218 when calibration is not being performed. Although the
mode select switching network 203 is illustrated to include a
particular configuration of switches, different configurations
of switches may be implemented in alternate embodiments,
which enable the 1Q imbalance correction system 201 to be
selectively configured into a pass-through mode or a bypass
mode, in alternate embodiments.

[0033] While the IQ imbalance correction system 201 is
configured in the pass-through mode, as shown in FIG. 2, IQ
equalizer 218 is adapted to receive samples present on at least
one of the real channel 250 or the imaginary channel 252 (e.g.,
one or both channels), and to compensate for offset fre-
quency-dependent components of transmitter 1Q imbalance
by performing an equalization procedure on the received
samples, according to an embodiment. According to a more
particular embodiment, IQ equalizer 218 is adapted to receive
samples on either the real channel 250 or the imaginary chan-
nel 252, but not both, and to perform the equalization proce-
dure on the received samples from the one channel (e.g., the
imaginary channel 252), while the samples present on the
other channel (e.g., the real channel 250) bypass 1Q equalizer
218. Although IQ equalizer 218 is shown to be connectable to
the imaginary channel 252 in FIG. 2, IQ equalizer 218 alter-
natively may be connectable to the real channel 250, accord-
ing to an alternate embodiment. According to yet another
alternate embodiment, IQ equalizer 218 may be selectively
connectable to either the real channel 250 or to the imaginary
channel 252 at any given time (e.g., one or more switching
elements (not illustrated) may be included that enable 1Q
equalizer 218 to be connected to either the real channel 250 or
to the imaginary channel 252).

[0034] FIG. 2 illustrates the 1Q imbalance correction sys-
tem 201 configured in a pass-through mode, in which samples
present on the real and imaginary channels 250, 252 are
processed by 1Q equalizer 218 and IQ balancer 220. As men-
tioned above, 1Q imbalance correction system 201 alterna-
tively may be configured in a bypass mode (e.g., during
performance of a calibration procedure). According to an
embodiment, the IQ imbalance correction system 201 may be
configured into the bypass mode through the manipulation of
the mode select switching network 203.

[0035] FIG. 3 illustrates a simplified block diagram of
transceiver 200 with the IQ imbalance correction system 201
configured in a bypass mode, in accordance with an example
embodiment. When configured in the bypass mode, the IQ
equalizer 218 is bypassed, and the samples present on both
the real channel 250 and the imaginary channel 252 are pro-
vided directly to 1IQ balancer 220. Alternatively, referring
again to FIG. 2, when configured in the pass-through mode,
the samples present on the real channel 250 and the imaginary
channel 252 are provided to IQ balancer 220 through IQ
equalizer 218.

[0036] According to an embodiment, IQ equalizer 218 may
include an n-tap finite impulse response (FIR) filter having n
programmable, real coefficients. According to a more par-
ticular embodiment, the number of filter taps may equal four,
although 1Q equalizer 218 may include a filter having more
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(e.g., 6, 8, 10, 12 or more) or fewer (e.g., 2) taps, in other
embodiments. The values of the n programmable, real coef-
ficients corresponding to the n taps are determined by cali-
bration subsystem 206 during a calibration procedure, which
will be described later. The coefficients may be stored in one
or more registers (e.g., n “filter coefficient registers™) that are
accessible by IQ equalizer 218. According to an embodiment,
the coefficients are determined so that IQ equalizer 218 will
function as a nonlinear-phase filter, which will equalize both
the amplitude and phase parts of the frequency-dependent
component of the IQ imbalance. The equalization is per-
formed, in an embodiment, at n (e.g., four) offset frequencies.
According to an embodiment, the four offset frequencies
include two offset frequencies above a carrier frequency, and
two additional offset frequencies located below the carrier
frequency, where the additional offset frequencies located
below the carrier frequency are symmetrical with the two
offset frequencies above the carrier frequency. In other
embodiments, equalization may be performed at more or
fewer offset frequencies, and/or the offset frequencies may be
asymmetrically located on either side of the carrier frequency.

[0037] According to an embodiment, the output of IQ
equalizer 218 is connected to IQ balancer 220 in the pass-
through mode, and the channel (e.g., channel 250) that is not
connectable through equalizer 218 is connectable directly to
1Q balancer 220. 1Q balancer 220 is adapted to compensate
for offset frequency-independent components of transmitter
1Q imbalance by applying 1Q gain correction and IQ phase
correction to the samples present on the real and imaginary
channels 250, 252, according to an embodiment. The IQ gain
correction may be represented by an IQ gain correction value,
and the IQ phase correction may be represented by an IQ
phase correction value, according to an embodiment. The IQ
gain correction value and the IQ phase correction value are
determined by calibration subsystem 206 during a calibration
procedure, which will be described later, and these values
may be stored in one or more registers (e.g., an 1Q gain
correction value register and an IQ phase correction value
register) that are accessible by 1Q balancer 220.

[0038] According to a first embodiment, 1Q balancer 220
includes a set of multipliers and combiners, which are
adapted to perform the following operations: 1) multiply the
sample present on the real input channel 266 with a transmit
1Q phase correction value to produce a phase-corrected real
component; 2) subtract the phase-corrected real component
from the sample present on the imaginary input channel 268
to produce a balanced imaginary sample 272; and 3) multiply
the sample present on the real input channel 266 with a
transmit IQ amplitude correction value to produce a balanced
real sample 270. According to an alternate embodiment, 1Q
balancer 220 includes a set of multipliers and combiners,
which are adapted to perform the following alternative opera-
tions: 1) multiply the sample present on the imaginary input
channel 268 with a transmit 1Q phase correction value to
produce a phase-corrected imaginary component; 2) subtract
the phase-corrected imaginary component from the sample
present on the real input channel 266 to produce the balanced
real sample 270; and 3) multiply the sample present on the
imaginary input channel 268 with a transmit 1Q amplitude
correction value to produce the balanced imaginary sample
272.

[0039] The balanced real and imaginary samples 270, 272
are provided to the power control module 222. Power control
module 222 is adapted to apply gains to the received samples
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(e.g., to the balanced real and imaginary samples 270, 272) in
order to pre-distort the received samples in a manner that
mitigates gain application inaccuracies and/or non-linear dis-
tortion.

[0040] Up-sampler 224 is adapted to up-sample the power
adjusted samples 274 to or toward a sampling rate supported
by DACs 226, 228. For example, up-sampler 224 may up-
sample the power adjusted samples 274 at a ratio of about
48:1 (e.g., for GMSK or EDGE), 96:1 (e.g., for WCDMA), or
in a range of about 24:1 to 192:1 (e.g., for LTE), although
up-sampler 224 may up-sample the power adjusted samples
at lower, higher or different ratios, in other embodiments.
DACs 226, 228 perform a digital-to-analog conversion of the
up-sampled samples 278, to produce a first analog signal 280
corresponding to the real channel, and a second analog signal
282 corresponding to the imaginary channel. According to an
embodiment, first analog signal 280 may be produced at rates
in a GSM range (e.g., between about 0 kHz to about 100 kHz),
an EDGE range (e.g., between about —100 to +100 kilohertz
kHz), in a WCDMA range (e.g., between about -1.92 to
+1.92 MHz) or in an LTE range (e.g., from a minimum of
about -0.7 MHz to +0.7 MHz and a maximum of about —10
to +10 MHz), although first analog signal 280 may be pro-
duced at lower or higher rates, in other embodiments.

[0041] Baseband filters (BBF) 230, 232 are adapted to filter
the first and second analog signals 280, 282 in order to attenu-
ate out-of-band components, according to an embodiment.
Modulator 234 receives, up-converts, and modulates the fil-
tered analog signals 284, 286 in order to generate an analog
RF transmit signal 288 (e.g., signal 132, FIG. 1). In an
embodiment, modulator 234 implements an OFDM type of
digital, multi-carrier modulation technique. Accordingly, RF
transmit signal 288 may include signal components on a
plurality of modulated, orthogonal sub-carriers that are
located at various offset frequencies on both sides of an RF
carrier frequency. Each sub-carrier may convey one of a plu-
rality of data streams that are generated from the filtered
analog signals 284, 286. According to an embodiment, modu-
lator 234 generates RF transmit signal 288 at frequencies
within a range of about 2500 MHz to about 2690 MHz. In
alternate embodiments, modulator 234 may generate RF
transmit signal 288 at frequencies within different frequency
ranges, such as 806-960 MHz, 1710-2025 MHz, and/or 2110-
2200 MHz. In other embodiments, modulation techniques
other than OFDM may be employed (e.g., other multi-carrier
modulation techniques and/or single-carrier modulation
techniques), and/or modulation at frequencies above or below
the above-given ranges may be performed.

[0042] During normal data transmissions (e.g., at times
when a calibration procedure is not being performed), and as
discussed previously in conjunction with FIG. 1, the analog
RF transmit signal 288 may then be filtered (e.g., by RF TX
filter 106, FIG. 1), amplified (e.g., by amplifier 110, FIG. 1),
and radiated onto the air interface (e.g., by antenna 116, FIG.
1). As also discussed previously, the antenna (e.g., antenna
116, FIG. 1) also may receive RF signals present on the air
interface, and those received signals may be filtered (e.g., by
RF RX filter 108, FIG. 1), and provided to the receiver lineup
204. Alternatively, at times when a calibration procedure is
being performed, and as will be described in more detail later,
receiver lineup 240 may be provided instead with a represen-
tation of the RF transmit signal 288 through feedback path
236.
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[0043] Receiver lineup 204 includes a low noise amplifier
(LNA) 290, a demodulator 292, baseband filters (BBF) 294,
296, and analog-to-digital converters (ADC) 298, 300,
according to an embodiment. LNA 290 receives the filtered,
RF receive signal 310 (e.g., filtered, RF receive signal 142,
FIG. 1) or a representation of the RF transmit signal 288
provided through feedback path 236, and amplifies the signal
to a desired power level. Demodulator 292 receives the ampli-
fied RF receive signal 312, and down-converts the signal to
baseband, according to an embodiment. During the demodu-
lation process, the signal is separated into a first analog signal
314 corresponding to a real channel, and a second analog
signal 316 corresponding to an imaginary channel. BBFs 294,
296 are adapted to filter the first and second analog signals
314, 316 in order to attenuate out-of-band components,
according to an embodiment. Finally, ADCs 298, 300 are
adapted to perform an analog-to-digital conversion of the
filtered analog signals 318, 320, in order to produce a
sequence of baseband, digital receive samples 322 (e.g., base-
band, digital receive signal 144, FIG. 1). According to an
embodiment, the baseband, digital receive samples 322 each
have a real part and an imaginary part, which are produced in
parallel.

[0044] Asmentioned above, IQ equalizer 218 compensates
for offset-frequency-dependent components of transmitter IQ
imbalance by performing an equalization procedure that uses
a plurality of programmable filter coefficients (e.g., four coef-
ficients), and I1Q balancer compensates for offset-frequency-
independent components of transmitter IQ imbalance by
applying an IQ gain correction value and an IQ phase correc-
tion value to the baseband samples. According to an embodi-
ment, calibration subsystem 206 is adapted to determine the
programmable filter coefficients, the IQ gain correction
value, and the IQ phase correction value during a calibration
procedure. When the programmable filter coefficients, the IQ
gain correction value, and the IQ phase correction value are
set to values that provide adequate correction of transmit IQ
imbalances (e.g., acceptable image rejection at all offset fre-
quencies within the operational bandwidth), then the IQ
equalizer 218 and the IQ balancer 220 are considered to be
“calibrated.” Alternatively, when the programmable filter
coeflicients, the IQ gain correction value, and/or the IQ phase
correction value have become obsolete and/or are set to val-
ues that do not provide adequate correction of transmit 1Q
imbalances, then the 1Q equalizer 218 and the 1Q balancer
220 are considered to be “uncalibrated.”

[0045] According to an embodiment, a calibration proce-
dure may be performed in response to the receipt of a cali-
bration initiation signal 330, which may originate from other
portions of the system (e.g., from baseband processing sub-
system 102, FIG. 1). For example, a calibration initiation
signal 330 may be provided, and thus a calibration procedure
may be performed, when a device initially is powered up (e.g.,
“cold” calibration). According to another embodiment, a cali-
bration initiation signal 330 may be provided when a deter-
mination is made that an ambient temperature is outside a
given range (e.g., “warm” calibration). The temperature
determination may be made based on information provided
by a temperature sensor incorporated in the device, and/or
based on information from an external source. The tempera-
ture range may be defined by a low temperature threshold
(e.g., =30 degrees Celsius) and a high temperature threshold
(e.g., +85 degrees Celsius), and the calibration initiation sig-
nal 330 may be provided when the ambient temperature is
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below the low temperature threshold and/or above the high
temperature threshold. In yet another embodiment, a calibra-
tion initiation signal 330 may be provided when a determina-
tion is made that the device has switched configurations (e.g.,
between LTE, EDGE, GSM, and W-CDMA), when the
device has been moved to and/or activated within a different
country, and/or when the device has been assigned to com-
municate in a different bandwidth or at a different carrier
frequency (e.g., “on-demand” calibration). In addition or
alternatively, a calibration initiation signal 330 may be pro-
vided at times when it is determined that the transmitter
lineup 202 and receiver lineup 204 are not imminently needed
for processing data-bearing signals, and/or when other opera-
tional or environmental parameters have changed by amounts
that may have caused previously determined filter coeffi-
cients, IQ gain correction value, and 1Q phase correction
value to become obsolete. In addition or alternatively, a cali-
bration initiation signal 330 may be provided at times when it
is determined that the IQ equalizer 218 and the 1Q balancer
220 are uncalibrated (e.g., when feedback measurements
indicate phase and/or amplitude IQ imbalances above thresh-
old values).

[0046] FIG. 4 illustrates a simplified block diagram of cali-
bration subsystem 400 (e.g., calibration subsystem 206, FIG.
2), in accordance with an example embodiment. Calibration
system 400 is adapted to initiate and control a calibration
procedure, as mentioned above (e.g., at certain times when
data-bearing signals are not being processed). Calibration
system 400 includes a calibration processing subsystem 420,
a calibration tone generator 424, variable delay block 425,
and a feedback path 236 that includes a stepped variable gain
amplifier (SVGA) 426. Referring to FIGS. 2-4 together, cali-
bration processing subsystem 420 is adapted to perform a
calibration procedure in response to a calibration initiation
signal 330. According to an embodiment, and as will be
described in more detail in conjunction with FIGS. 5-9, cali-
bration processing subsystem 420 is adapted to perform the
calibration procedure by enabling feedback path 236 to
receive an input feedback signal 342 (e.g., analog RF transmit
signal 288, FIG. 2) from the output of the transmitter lineup
(e.g., from modulator 234 of transmitter lineup 202, FIG. 2),
and to convey an output feedback signal 344 to the input of the
receiver lineup (e.g., to LNA 290 of receiver lineup 204, FIG.
2). Feedback path 236 includes a switch 446 and SVGA 426,
in an embodiment, and calibration processing subsystem 420
is adapted to enable feedback path 236 by providing a control
signal 448 to switch 446, which causes switch 446 to close.
Similarly, calibration processing subsystem 420 is adapted to
disable feedback path 236 by providing a control signal 448 to
switch 446, which causes switch 446 to open.

[0047] As will be described in more detail in conjunction
with FIG. 5, once the feedback path 236 is enabled, calibra-
tion processing subsystem 420 may control the configuration
of'the transmitter lineup (e.g., transmitter lineup 202, FIG. 2),
determine a transmit 1Q gain correction value and a transmit
1Q phase correction value for IQ balancer 220, and determine
filter coefficients for IQ equalizer 218. During the times when
calibration processing subsystem is determining the transmit
1Q gain correction value, the transmit IQ phase correction
value, and the filter coefficients, calibration processing sub-
system 420 may provide configuration control signals 352
(e.g., to mode select switching network 203, FIG. 2), which
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cause the IQ imbalance correction system 201 to be config-
ured in a bypass mode (e.g., the configuration illustrated in
FIG. 3).

[0048] Upon setting the IQ imbalance correction system
201 in the bypass mode, calibration processing subsystem
420 may provide a tone generation control signal 450 to
calibration tone generator 424, which causes calibration tone
generator 424 to produce a calibration tone in the form of a
sequence of digital calibration tone samples 242. Each cali-
bration tone sample 242 may be represented as 1| n]+j*Q
[n], where j=sqrt(-1), I[n] is a real component of the nth
sample, and Qz4[n] is an imaginary component of the nth
sample. According to an embodiment, the calibration tone
samples 242 may represent, for example, a pure complex tone
generated at a calibration tone frequency, F,;, and the cali-
bration tone frequency may be specified in the tone genera-
tion control signal 450 According to alternate embodiments,
the calibration tone samples may represent a different type of
tone that produces an orthogonal, I, Q sample stream.
[0049] During times when calibration processing sub-
system 420 is determining the IQ gain and phase correction
values for use by IQ balancer 220, calibration processing
subsystem 420 may cause calibration tone generator 424 to
produce calibration tone samples 242 corresponding to a
calibration tone at a transmit carrier frequency currently
assigned to the device. Alternatively, during times when cali-
bration processing subsystem 420 is determining a filter coef-
ficient for use by IQ equalizer 218, calibration processing
subsystem 420 may cause calibration tone generator 424 to
produce calibration tone samples 242 corresponding to a
plurality of calibration tones (e.g., n/2 calibration tones,
where n is the number of taps in the n-tap filter implemented
in IQ equalizer 218). The plurality of calibration tones are
produced sequentially, according to an embodiment, and each
calibration tone corresponds to a sub-carrier frequency (e.g.,
one of n/2 sub-carrier frequencies that are offset from a trans-
mit carrier frequency). The sub-carrier frequencies used for a
particular set of filter coefficients may have frequency offsets
from the carrier frequency that are relatively small (e.g., from
50 to 250 kHz), according to an embodiment, although sub-
carrier frequencies having offsets that are relatively large also
or alternatively may be used, according to other embodi-
ments.

[0050] Once the system is configured to perform the cali-
bration procedure (e.g., feedback path 236 is enabled and the
1Q imbalance correction system 201 is set in the bypass
mode), the calibration tone samples 242 and the signals
derived therefrom may be processed through the transmitter
lineup 202, the feedback path 236, and the receiver lineup
204. To initiate such processing, calibration processing sub-
system 420 (or some other system component) may provide a
select signal 353 to MUX 210 (FIG. 2), to cause MUX 210 to
selectively output the calibration tone samples 242 (e.g.,
rather than the digital input samples 240, FIG. 2). The cali-
bration tone samples 242 are then processed by filter 212 and
PAR adjust module 214, as discussed previously, in order to
produce complex, PAR-adjusted digital samples 248.

[0051] As mentioned previously, complex rotator 216
(FIG. 2), if included in the system, is bypassed at times when
a calibration procedure is not being performed. During times
when the calibration procedure is being performed, however,
complex rotator 216 receives and rotates PAR-adjusted digi-
tal samples 248, in order to produce rotated samples on the
real and imaginary channels 250, 252 (FIG. 2). In order to
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enable complex rotator 216, calibration processing sub-
system 420 (or some other system component) also may
provide a rotator control signal (not illustrated), to cause
complex rotator 216 to apply a rotation to the complex, PAR-
adjusted digital samples 248. According to an embodiment,
the rotation is applied in an opposite direction from and by
substantially a same angle as an estimated rotation that will be
applied between modulator 234 and demodulator 262 along
the feedback path 236. As mentioned previously, complex
rotator 216 may be excluded from the system, in an alternate
embodiment. Because the IQ imbalance correction system
201 is configured in the bypass mode during the calibration
procedure, the IQ equalizer 218 is bypassed, and the samples
present on the real and imaginary channels 250, 252 are
provided directly to IQ balancer 220. 1Q balancer 220 com-
pensates for offset frequency-independent components of
transmitter 1Q imbalance by applying the then-current 1Q
gain correction and IQ phase correction to the samples
present on the real and imaginary channels 250, 252. The
balanced real and imaginary samples 270, 272 are provided to
power control module 222. The samples are thereafter pro-
cessed, converted to analog, and modulated as described in
conjunction with FIG. 2, in order to produce RF transmit
signal 288.

[0052] With the feedback path 236 enabled (e.g., with
switch 446 closed), a representation of the RF transmit signal
288 is provided as the input feedback signal 342 to SVGA
426. SVGA 426 attenuates the input feedback signal 342 in
order to generate output feedback signal 344. The output
feedback signal 344 is received and processed by the receiver
lineup 204 (FIG. 2), as described above, in order to produce a
sequence of baseband, digital receive samples 322. The base-
band, digital receive samples 322 are provided as baseband
feedback samples 354 to calibration processing subsystem
420. Each baseband feedback sample 242 may be represented
as Iy [n]+j*Qxxn], where I5,]n] is a real component of the
nth feedback sample, and Qg ,In] is an imaginary component
of the nth feedback sample.

[0053] As will be described in more detail in conjunction
with FIGS. 5-9, for a calibration tone that is generated in
conjunction with determining the transmit IQ gain and phase
correction values, calibration processing subsystem 420 pro-
cesses a time-aligned version 360 of the calibration tone
samples 242 and the baseband feedback samples 354 in order
to determine the transmit IQ gain correction value and the
transmit IQ phase correction value. Similarly, for a calibra-
tion tone that is generated in conjunction with determining
one of the multiple filter coefficients, calibration processing
subsystem 420 processes a time-aligned version 360 of the
calibration tone samples 242 and the baseband feedback
samples 354 in order to determine the filter coefficient. Time-
alignment of the calibration tone samples 242 and the base-
band feedback samples 354 may be performed by a variable
delay element 362, which is included between the output of
the calibration tone generator 424 and the calibration process-
ing subsystem 420. According to an embodiment, the feed-
back path roundtrip latency may be determined through a
delay calibration procedure (not described in detail herein),
and the variable delay element 362 may be configured to
delay the calibration tone samples 242 by a number of clock
cycles that corresponds to the roundtrip latency, in order to
produce the time-aligned version 360 of the calibration tone
samples 242.
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[0054] As indicated previously, different calibration tones
are generated, processed by the transmitter lineup 202, fed
back through the feedback path 236, processed by the receiver
lineup 204, and evaluated by the calibration processing sub-
system 420 for the filter coefficients and for the transmit IQ
gain and phase correction values. Once the filter coefficients
and the transmit IQ gain and phase correction values are
calculated (as described in more detail later in conjunction
with FIGS. 4-9), a signal 356 conveying the filter coefficients
is provided to the filter coefficient registers associated with
the IQ equalizer 218, and a signal 358 conveying the transmit
1Q gain and phase correction values is provided to the trans-
mit IQ gain and phase correction value registers associated
with the IQ balancer 220.

[0055] Upon completion of the calibration procedure, cali-
bration processing subsystem 420 may provide select signal
353 to MUX 210 (FIG. 2), to cause MUX 210 to selectively
output the digital input samples 240 (e.g., rather than the
calibration tone samples 242). In addition, calibration pro-
cessing subsystem 420 may provide a control signal 448 to
switch 446, which causes switch 446 to open, thus disabling
the feedback path 236. Finally, calibration processing sub-
system 420 may provide configuration control signals 352 to
cause IQ imbalance correction system 201 to be configured in
a pass-through mode (e.g., the configuration illustrated in
FIG. 2). Calibration processing subsystem 420 also may pro-
vide a control signal (not illustrated) to another system com-
ponent (e.g., to baseband processing subsystem 102), which
indicates that calibration processing subsystem 420 has com-
pleted the calibration procedure (e.g., calibration processing
subsystem 420 has completed its calculation of the filter
coefficients and the IQ gain and phase correction values).
Once the 1Q imbalance correction system 201 has been set
into the pass-through mode and the feedback path 236 has
been disabled, the transmitter lineup 202 and the receiver
lineup 204 may then process incoming signals as described
previously in conjunction with FIG. 2.

[0056] FIG. 5 illustrates a flowchart of a method for per-
forming calibration and IQ imbalance correction, according
to an example embodiment. Portions of the method may be
performed by various system components and subsystems,
described previously, and accordingly the description of the
method embodiments, below, will refer to various elements of
FIGS. 1-4. It is to be understood that, in other embodiments,
system components that are different from those indicated
below may perform various portions of the method. Accord-
ingly, the description below is not meant to limit portions of
the method to being performed by specific system compo-
nents or subsystems.

[0057] The method may begin, in block 502, by determin-
ing (e.g., by calibration processing subsystem 420, FIG. 4)
whether a transmitter lineup calibration event has occurred.
As indicated previously, a transmitter lineup calibration event
may include one or more events selected from a group of
events that includes a device power up event, a determination
being made that an ambient temperature is outside a given
range, a determination that the device has switched configu-
rations, a determination being made that the device has been
moved to and/or activated within a different country, a deter-
mination being made that the device has been assigned to
communicate in a different bandwidth or at a different carrier
frequency, a determination being made that one or more
operational or environmental parameters have changed by
amounts that may have caused previously determined filter
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coefficients, IQ gain correction value, and IQ phase correc-
tion value to become obsolete, and/or a determination being
made that the 1Q equalizer 218 and/or the IQ balancer 220
have become uncalibrated. A transmitter lineup calibration
event may be indicated, for example, by providing a calibra-
tion initiation signal (e.g., by baseband processing subsystem
102 providing signal 330, FIGS. 1-4).

[0058] When a transmitter lineup calibration event has
occurred, then in block 504, a receiver IQ calibration process
may be performed. Receiver IQ calibration may be performed
in using a number of different known or new techniques,
which are not discussed herein for the purpose of brevity. In
an alternate embodiment, or at various times, the receiver IQ
calibration process may be bypassed.

[0059] After completing or bypassing the receiver 1Q cali-
bration process, a transmitter IQ calibration process may be
performed in blocks 506, 508, 510, 512, 514, and 516. More
specifically, in block 506, a feedback path (e.g., feedback path
236, FIGS. 2 and 4) may be enabled in order to provide a path
between the output of the transmitter lineup (e.g., transmitter
lineup 202, FIG. 2) and the input of the receiver lineup (e.g.,
receiver lineup 204, FIG. 2). According to an embodiment,
the feedback path may be enabled by providing a control
signal (e.g., control signal 448 provided by calibration pro-
cessing subsystem 420, FIG. 4) to cause a switch (e.g., switch
446, FIG. 4) in the feedback path to close, thus interconnect-
ing the transmitter lineup output and the receiver lineup input.
[0060] In block 508, the IQ imbalance correction system
(e.g., IQ imbalance correction system 201, FIG. 2) may be
configured into a bypass mode (e.g., the configuration illus-
trated in FIG. 3). For example, calibration processing sub-
system 420 (or some other system component) may provide a
configuration control signal 352, which causes the IQ imbal-
ance correction system 201 to be configured in a bypass
mode, in an embodiment.

[0061] In block 510, the transmit IQ gain correction value
and the transmit IQ phase correction value may then be deter-
mined and “set” (e.g., stored in registers accessible to 1Q
balancer 220). Although determining the transmit IQ gain and
phase correction values will be described in more detail in
conjunction with FIG. 6, the process essentially may include
generating a calibration tone (e.g., calibration tone generator
424 generating a calibration tone signal 242 at an assigned
carrier frequency), processing the calibration tone through
the transmitter lineup 202, feeding back the output of the
transmitter lineup to the input of the receiver lineup (e.g.,
through feedback path 236), processing the fed back signal
through the receiver lineup 204, comparing the resulting sig-
nal with a time-aligned version of the calibration tone in order
to determine the transmit IQ gain and phase correction values
(e.g., by calibration processing subsystem 420), and storing
the determined values in the transmit IQ gain and phase
correction value registers associated with the 1Q balancer
220.

[0062] Inblock 512, the n filter coefficient values for the IQ
equalizer 218 may then be determined and “set” (e.g., stored
in registers accessible to IQ equalizer 218). Although deter-
mining the equalizer filter coefficients will be described in
more detail in conjunction with FIG. 9, the process essentially
may include, for each filter coefficient being determined,
generating (e.g., by calibration tone generator 424) a plurality
of calibration tones (e.g., n/2 calibration tones, where n is the
number of taps implemented in the n-tap filter of IQ equalizer
218)), processing each calibration tone through the transmit-
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ter lineup 202, feeding back the output of the transmitter
lineup to the input of the receiver lineup (e.g., through feed-
back path 236), processing the fed back signal through the
receiver lineup 204, comparing the resulting signals with
time-aligned versions of the calibration tones in order to
determine the filter coefficients (e.g., by calibration process-
ing subsystem 420), and storing the determined filter coeffi-
cients in the filter coefficient registers associated with the IQ
equalizer 218.

[0063] In block 514, the IQ imbalance correction system
(e.g., IQ imbalance correction system 201, FIG. 2) may be
configured into a pass-through mode (e.g., the configuration
illustrated in FIG. 2). For example, calibration processing
subsystem 420 (or some other system component) may pro-
vide a configuration control signal 352, which causes 1Q
imbalance correction system 201 to be configured in the
pass-through mode, in an embodiment. In addition, in block
516, the feedback path (e.g., feedback path 236, FIGS. 2 and
4) may be disabled in order to disconnect the output of the
transmitter lineup (e.g., transmitter lineup 202, FIG. 2) and
the input of the receiver lineup (e.g., receiver lineup 204, FIG.
2). According to an embodiment, the feedback path may be
disabled by providing a control signal (e.g., control signal 448
provided by calibration processing subsystem 420, FIG. 4) to
cause a switch (e.g., switch 446, FIG. 4) in the feedback path
to open, thus disconnecting the transmitter lineup output and
the receiver lineup input.

[0064] Inblock 518, a determination may be made whether
a calibration procedure should be performed for one or more
other configurations. For example, an embodiment may be
implemented in a multi-mode system in which a plurality of
different wireless telephone technologies and/or transmission
bandwidths are supported, and/or in which the transmitter IQ
imbalance is dependent on factors such as the baseband filter
corner frequency, the SVGA type, and so on. In such systems,
it may be desirable to perform a calibration procedure for
each configuration (e.g., for GSM, EDGE, W-CDMA, and/or
LTE). When a determination is made that a calibration pro-
cedure should be performed for one or more other configu-
rations, then the method may again perform the calibration
procedure (e.g., blocks 506-516) for each of the one or more
other configurations. When a calibration procedure has been
performed for each configuration of interest, then the trans-
ceiver may enter a data-bearing signal processing mode, in
which the transmitter lineup 202 and the receiver lineup 204
each process data-bearing signals. A simplified description of
a method for a transmitter lineup to process data-bearing
signals is depicted in blocks 520, 522, 524, 526, and 528. For
purposes of brevity, a method for a receiver lineup to process
data-bearing signals is not depicted or described in detail.

[0065] In block 520, the transmitter lineup 202 receives
digital input samples (e.g., digital input samples 240, FIG. 2,
from baseband processing subsystem 102, FIG. 1). These
samples may be passed (e.g., by MUX 210) to a pulse shaping
filter (e.g., pulse shaping filter 212), which implements a
pulse shaping filter to modify the spectral shape of the digital
input samples in order to meet the spectral requirements. The
ratio of the peak sample power to average sample power may
then be adjusted (e.g., by PAR adjust module 214) to the
filtered digital samples. As mentioned previously, complex
rotator 216, if included, is bypassed when the calibration
procedure is not being performed (e.g., during the processing
of data-bearing signals). Alternatively, the complex rotator
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216 may be configured to apply a zero degree rotation to the
PAR-adjusted digital samples at times when data-bearing
signals are being processed.

[0066] Inblock 522, the offset frequency-dependent com-
ponents of transmitter 1Q imbalance are compensated for
(e.g., by 1Q equalizer 218) by performing an equalization
procedure to either the real or the imaginary parts of the
PAR-adjusted digital samples (e.g., the samples present on
either the real channel 250 or the imaginary channel 252),
according to an embodiment. As discussed previously, 1Q
equalization may include applying an n-tap FIR filter having
n real coefficients, where the values of the n real coefficients
are determined and set (e.g., stored in the filter coefficient
registers) during the calibration procedure (e.g., during block
512). In block 524, the equalized samples present on the real
and imaginary channels are then balanced (e.g., by 1Q bal-
ancer 220), in order to compensate for offset frequency-inde-
pendent components of the transmitter 1Q imbalance. As
discussed previously, this includes applying an 1Q gain cor-
rection value and an IQ phase correction value (e.g., values
stored in an IQ gain correction value register and an IQ phase
correction value register), which are determined during the
calibration procedure (e.g., during block 510).

[0067] Various processes are then performed, in block 526,
to further process the balanced real and imaginary samples
(e.g., samples 270, 272, FIG. 2). According to an embodi-
ment, these processes may include performing power control
(e.g., e.g., by power control module 222), up-sampling (e.g.,
by up-sampler 224), digital-to-analog conversion (e.g., by
DACs 226, 228), baseband filtering (e.g., by BBFs 230, 232),
and modulation (e.g., by modulator 234). In block 528, the
resulting analog RF transmit signal (e.g., signal 288) may
then be filtered (e.g., by RF TX filter 106, FIG. 1), amplified
(e.g., by amplifier 110, FIG. 1), and radiated onto the air
interface (e.g., by antenna 116, FIG. 1). The processes asso-
ciated with blocks 520-528 may be repeatedly performed
until another transmitter calibration event occurs (e.g., as
determined in block 502), or until some other process occurs
that interrupts the processing of the data-bearing signals (e.g.,
power down of the transceiver).

[0068] Inthe embodiment illustrated in FIG. 5, the transmit
1Q gain correction value, the transmit IQ phase correction
value, and the equalizer filter coefficients are determined and
set (e.g., in blocks 510 and 512) each time a calibration
procedure is performed. In alternate embodiments, a calibra-
tion procedure may include determining and setting fewer
than all of the transmit IQ gain correction value, the transmit
1Q phase correction value, and the equalizer filter coeffi-
cients. For example, a determination may be made that only
the equalizer filter coefficients are uncalibrated, and accord-
ingly the calibration procedure may include determining only
the equalizer filter coefficients (and not the transmit 1Q gain
and/or phase correction values). Alternatively, a determina-
tion may be made that only the transmit IQ gain and/or phase
correction values are uncalibrated, and accordingly the cali-
bration procedure may include determining only the transmit
1Q gain and/or phase correction values (and not the equalizer
filter coefficients). Determining and setting the transmit IQ
gain and/or phase correction values and the equalizer filter
coefficients will now be described in more detail in conjunc-
tion with FIGS. 6 and 7.

[0069] FIG. 6 illustrates a flowchart of a method for deter-
mining and setting the transmit 1Q gain correction value and
the transmit IQ phase correction value (e.g., block 510, FIG.



US 2010/0232493 Al

5), according to an example embodiment. Determining the
transmit 1Q gain and phase correction values is performed
using an iterative process, in which calibration tones are
propagated through the system and analyzed until an error
between a time-aligned version of the calibration tone and the
fed back signal converges to below a threshold error value.
[0070] The method may begin, in block 602, by initializing
the system for determination of the transmit IQ gain correc-
tion value and the transmit IQ phase correction value. Accord-
ing to an embodiment, unless the following processes already
have been performed, this may include enabling the feedback
path (e.g., block 506, FIG. 5), configuring the IQ imbalance
correction system to bypass mode (e.g., block 508, FIG. 5),
configuring the transmitter lineup to process the calibration
tone (e.g., by providing select signal 353, FIGS. 2 and 4 to
MUX 210, FIG. 2, to cause MUX 210 to provide the calibra-
tion tone samples to the transmitter lineup 202), and enabling
the complex rotator (e.g., complex rotator 216, FIG. 2), if it is
included in the system. In addition, initialization may include
setting the transmit IQ phase correction value to an initial
value of zero degrees, and setting the transmit IQ gain cor-
rection value to an initial value of one (or another value that
corresponds to no applied gain).

[0071] The method continues, in block 604, by generating
and providing a calibration signal (e.g., a calibration tone) to
the transmitter lineup (e.g., transmitter lineup 202, FIG. 2).
According to an embodiment, this may include providing
(e.g., by calibration processing subsystem 420, F1G. 4) a tone
generation control signal (e.g., signal 450) to a calibration
tone generator (e.g., calibration tone generator 424), which
causes the calibration tone generator to produce a calibration
tone in the form of a sequence of digital calibration tone
samples (e.g., samples 242, FIGS. 2 and 4). According to an
embodiment, the calibration tone generator produces a cali-
bration tone at a frequency, F(0), that corresponds to a par-
ticular carrier frequency (e.g., the carrier frequency currently
assigned to the device).

[0072] In block 606, the calibration tone samples are then
processed by the transmitter lineup, and the resulting RF
signal (e.g., signal 288, FIG. 2) is passed through the feed-
back path (e.g., feedback path 236) to the receiver lineup
(e.g., receiver lineup 204, FIG. 2), where it is further pro-
cessed. Processing through the transmitter lineup includes
filtering (e.g., by filter 212), performing PAR adjustment
(e.g., by PAR adjust module 214), and performing complex
rotation (e.g., by complex rotator 216), when a complex rota-
tor is included in the system. The IQ imbalance correction
system (e.g., IQ imbalance correction system 201) is set in a
bypass mode during the calibration procedure, and accord-
ingly only IQ balancing is performed to produce balanced
real and imaginary samples (e.g., the IQ equalizer 218 is
bypassed). Power control may then be performed (e.g., by
power control module 222, FIG. 2) on the balanced real and
imaginary samples (e.g., samples 250,252, F1G. 2), as well as
up-sampling (e.g., by up-sampler 224), digital-to-analog con-
version (e.g., by DACs 226, 228), baseband filtering (e.g., by
BBFs 230, 232), and modulation (e.g., by modulator 234).
The resulting RF signal 288 is fed back through the feedback
path (e.g., feedback path 236) to the input of the receiver
lineup. Processing through the receiver lineup includes
amplifying the fed back signal (e.g., by LNA 290), and per-
forming demodulation (e.g., by demodulator 292), baseband
filtering (e.g., by BBFs 294, 296), and analog-to-digital con-
version (e.g., by ADCs 298, 300).
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[0073] In block 608, the processed signal (e.g., baseband
feedback samples 354) is received (e.g., by calibration sub-
system 206) from the receiver lineup. Although blocks 604,
606, and 608 are shown in sequence, it is to be understood that
each ofblocks 604, 606, and 608 continue to be performed in
parallel with each other throughout the iterative process of
determining and updating the transmit IQ gain and phase
imbalance correction values.

[0074] Inblocks 610, 612, 614, 616, and 618, the residual
transmit IQ gain imbalance and the residual transmit IQ phase
imbalance are determined (e.g., by calibration processing
subsystem 420) and updated. This is performed using an
iterative process during which the time-aligned calibration
tone signals (e.g., samples 242, FIGS. 2 and 4) and the pro-
cessed signal received from the receiver lineup (e.g., base-
band feedback samples 354) are repeatedly produced and
evaluated. The “residual” transmit IQ gain or phase imbal-
ance corresponds to the transmit IQ gain or phase imbalance
measured during each iteration. Initially, the residual transmit
1Q gain and phase imbalance will have maximum values, and
these values typically will decrease for each subsequent itera-
tion.

[0075] According to an embodiment, during each iteration
(e.g., each repetition of blocks 610-618), the residual IQ gain
imbalance is determined and corrected for (e.g., in blocks 610
and 612), and after a duration that allows the IQ gain correc-
tion to be applied to the calibration tone signal, and for the
gain corrected signal to be propagated through the remainder
of the transmitter lineup, the feedback path, and the receiver
lineup, then the residual IQ phase imbalance is determined
and corrected for (e.g., in blocks 614 and 616). After a dura-
tion that allows the IQ phase correction to be applied to the
calibration tone signal, and for the phase (and gain) corrected
signal to be propagated through the system, the residual IQ
gain imbalance again is determined and corrected for (e.g., in
blocks 610 and 612). For example, the gain and phase cor-
rections may be staggered in time by a duration that is at least
as long as the propagation time of a calibration tone signal
through the transmitter lineup, the feedback path, and the
receiver lineup. According to an embodiment, the duration is
programmable (e.g., in a range of 20 to 100 microseconds,
although the duration may be smaller or greater). The amount
oftime during which the plurality of iterations is performed is
referred to as the integration time of the cross-correlator.
[0076] During a first iteration of blocks 610 and 612, the
transmit IQ gain imbalance is determined and corrected for in
the presence of uncorrected transmit IQ phase imbalance
(e.g., zero degree correction), according to an embodiment.
After the duration, the transmit IQ phase imbalance is then
determined and corrected for (e.g., in blocks 614 and 616) in
the presence of a once-corrected transmit IQ gain imbalance
correction. During each subsequent iteration, the transmit IQ
gain imbalance is determined and corrected for in the pres-
ence of a smaller residual transmit IQ phase imbalance, and
the transmit IQ) phase imbalance is determined and corrected
for in the presence of a smaller residual transmit 1Q gain
imbalance. These iterations are repeated until convergence
(e.g., as determined in block 618), when the residual transmit
1Q gain and phase imbalances drop below a threshold.
[0077] The residual transmit IQ gain imbalance is deter-
mined in block 610. According to an embodiment, the real
and imaginary parts of the baseband feedback signals, I ,{(n)
and Qx{(n) (e.g., baseband feedback samples 354), are pro-
cessed along separate channels, each of which may be imple-
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mented using substantially identical hardware and/or firm-
ware. FIG. 7 illustrates a simplified block diagram of various
processing components associated with determining a trans-
mit IQ gain imbalance, according to an example embodiment.
More particularly, these processing components include mul-
tipliers 702, 704, anti-aliasing filters (AAF)/downsamplers
706,708, and low pass filters 710, 712. Referring also to FIG.
6, determining the residual transmit IQ gain imbalance (i.e.,
block 610) includes first squaring the real and imaginary parts
of the baseband feedback samples (e.g., by multipliers 702,
704). The resulting spectrum of the squared real and imagi-
nary samples includes terms at {0, +/=F;, +/-2*F ., }. It
may be undesirable for the 2*F ., terms to be aliased. Thus,
according to an embodiment, the squared samples are filtered
by anti-aliasing filters (e.g., AAFs 706, 708) in order to elimi-
nate the aliasing of the 2*F ., terms. In addition, a down-
sampling process is performed in conjunction with applying
each anti-aliasing filter. The process of anti-aliasing and
downsampling is performed in three stages, according to an
embodiment, using FIR filters that are amenable to multi-
plier-less implementation. In other embodiments, filtering
and downsampling may be performed in fewer or more than
three stages, and/or the various filters implemented may
implement multiplication functions. A low pass filter (e.g.,
low pass filters 710, 712, each of which may be an FIR or
infinite impulse response (IIR) filter) is then applied to each
downsampled product in order to produce the sampled values
magl(k) and magQ(k), where k is the sample index, and the
samples are produced periodically (e.g., every 50 microsec-
onds, or at some other sampling frequency). According to an
embodiment, magl(k) and magQ(k) are sampled only once
per update at a discrete time, k=k0.

[0078] The transmit IQ gain correction value may be cal-
culated, according to an embodiment, using the following
equations:

mag_ratio_ Qoverl/kO]=magQ/k]/maglfk] (Equation 1)

amp_ratio_ QoverlfkO]=sqrt(mag_ratio_ Qoverl/k0])  (Equation 2)

amp_ratio__Qover/_minusl/k0]=amp_ratio_ Qover]

[k0]-1.0 (Equation 3)

accum_amp_corr[k0]=accum_amp_corr[k0-1]+amp_

ratio_ Oover/_minusl/k0] (Equation 4)

As anote, after convergence, there will be IQ-balance, which
implies that the energy in the real portion of the signal will
approximately equal the energy in the imaginary portion of
the signal. This implies that the left hand side of Equation 3,
above, will equal approximately 0, upon convergence, and in
Equation 4, the accum_amp_corr[kO] term will approxi-
mately equal the accum_amp_corr[k0-1] term (e.g., accum_
amp_corr| | will have converged). Prior to convergence, with
theta[k0-1] being the current estimate of IQ phase imbalance
(e.g., the current transmit IQ phase imbalance correction
value, which initially is zero degrees), then the next transmit
1Q gain imbalance correction value may be calculated as
follows:

1Q gain imbalance correction value[k0]=accum_amp_

corr[k0]*cos(theta[k0-1]) (Equation 5).

Inblock 612, the transmit IQ gain correction value is updated
by storing IQQ gain imbalance correction value[kO0] in a regis-
ter that is accessible to the IQ balancer (e.g., IQ balancer 220,
FIG. 2).
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[0079] After the duration, described above, which allows
the updated transmit IQ gain correction value to be applied to
the calibration tone samples, and for the signal to be propa-
gated through the remainder of the system, the residual trans-
mit IQ phase imbalance may be determined in block 614.
FIG. 8 illustrates a simplified block diagram of various pro-
cessing components associated with determining a transmit
1Q phase imbalance, according to an example embodiment.
More particularly, these processing components include mul-
tipliers 802, 804, AAF/downsamplers 806, 808, low pass
filters 810, 812, and angle determiners 814, 816. According to
an embodiment, the same components may be used for mul-
tipliers 702 and 802, multipliers 704 and 804, AAF/down-
samplers 706, 806, AAF downsamplers 708, 808, low pass
filters 710, 810, and/or low pass filters 712, 812, although it is
not necessary that the same components be used. Referring
also to FIG. 6, determining the residual transmit IQ phase
imbalance includes performing a complex multiplication
(e.g., by multiplier 802) of the received, complex processed
signal, I [n] and QxIn], with the real portion of the time-
aligned calibration tone samples, I [n], and also performing
a complex multiplication (e.g., by multiplier 804) of the
received, complex processed signal, I, [n] and Qg [n], with
the imaginary portion of the calibration tone samples, Q {n].
Anti-aliasing filters are applied to the resulting complex prod-
ucts, and the filtered results are then downsampled (e.g., by
AAF/downsamplers 806, 808), according to an embodiment.
A low pass filter (e.g., low pass filters 810, 812, each of which
may be an FIR or infinite impulse response (IIR) filter) is then
applied to each downsampled product. The angles of the
complex results are determined (e.g., by angle determiners
814, 816) in order to produce angCy I Ik] and angCr Q1
[k], where angCpI4/k] represents the angle of the cross-
correlation between the complex receive signal (Iz]*]+/Qzx
[]) and the real part of the complex transmit signal I, [*], and
angCrQIk] represents the angle of the cross-correlation
between the complex receive signal (I ]*]+jQz+[*]) and the
imaginary part of the complex transmit signal Q]].
[0080] The transmit IQ phase correction value may be cal-
culated, according to an embodiment, using the following
equations:

angle_ Cry IryfkO]=inverse-tangent(imag(Cry I7x

[k0)/real(Cry T4 fk0]) (Equation 6)
angle Cry Qry/kO]=inverse-tangent(imag(Cryx QOrx
[}0)real(Cay Qrxf0)) (Equation 7)
angleDiff[k0]=angle Cgry Irx/kO]-angle Cgry QOrx
[kOJ+PI/2 (Equation 8)
theta[kO]=theta[k0-1]+(-1*angleDiff[k0]) (Equation 9)

As anote, after convergence, the real portion of the signal will
be substantially orthogonal to the imaginary portion of the
signal. Thus, in Equation 8, the angle_Crx_Itx-angle_Crx_
Qtx calculation will equal approximately —90 degrees. Thus,
the left hand side of Equation 8 will be approximately 0, and
in Equation 9, the theta[kO] term will approximately equal the
theta[k0-1] term, which implies that theta[ | has converged.
Prior to convergence, the next transmit IQ phase imbalance
correction value may be calculated as tangent(theta[kO0]). In
block 616, the transmit IQ phase correction value is updated
by storing the IQ phase imbalance correction value, tangent
(theta[kO0]), in a register that is accessible to the 1Q balancer
(e.g., IQ balancer 220, FIG. 2).
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[0081] Inblock 618, adetermination is made whether or not
convergence has occurred. According to an embodiment, this
includes determining whether the residual transmit 1Q gain
and phase imbalances determined during the previous itera-
tion have dropped below a threshold (e.g., a value close to
zero). When convergence has not yet occurred, the process
iterates as shown in FIG. 6. When convergence has occurred,
the method for determining the transmit IQ gain and phase
correction values may end.

[0082] After the transmitter IQQ imbalances are cancelled or
compensated for (e.g., block 510 and FIG. 6), the IQ imbal-
ance across the signal band may be measured, and from those
measurements the n real filter coefficients for the IQ equalizer
(e.g., IQ equalizer 218, FIG. 2) may be determined. FIG. 9
illustrates a flowchart of a method for determining and setting
equalizer filter coefficients (e.g., block 512, FIG. 5), accord-
ing to an example embodiment.

[0083] The method may begin, in block 902, by initializing
the system for determination of the equalizer filter coeffi-
cients. According to an embodiment, unless the following
processes already have been performed, this may include
enabling the feedback path (e.g., block 506, FIG. 5), config-
uring the 1Q imbalance correction system (e.g., IQ imbalance
correction system 201, FIG. 2) to bypass mode (e.g., block
508, F1G. 5), configuring the transmitter lineup to process the
calibration tone (e.g., by providing select signal 353, FIGS. 2
and 4 to MUX 210, FIG. 2, to cause MUX 210 to provide the
calibration tone samples to the transmitter lineup 202), and
enabling the complex rotator (e.g., complex rotator 216, FIG.
2).

[0084] Inblock 904, the transmit IQ gain and phase correc-
tion values that were previously determined (e.g., in block
510, FIG. 5, or the process of FIG. 6) are retained as “initial”
transmit IQ gain and phase correction values. In block 906, a
loop counter, i, is initialized (e.g., to one). The loop counter is
implemented to control the number of additional frequencies
for which the iterative process of determining and setting the
transmit IQ gain and phase correction values (e.g., block 510,
FIG. 5, or the process of FIG. 6) will be performed. According
to an embodiment in which the IQ equalizer includes n taps
(e.g., n=4), the number of additional frequencies for which
the iterative process will be performed is equal to n/2 (e.g., 2).
In an alternate embodiment, a loop counter may not be imple-
mented, and instead the process may be repeated in a linear
mannet.

[0085] Inblock 908, transmit IQ gain and phase correction
values are determined using the iterative method of FIG. 6 for
a calibration tone at an offset frequency, F(i), which corre-
sponds to a non-zero offset frequency with respect to the
carrier frequency. This results in a transmit IQ gain correction
value, denoted deltaGain(F(i)), and a transmit IQ phase cor-
rection value, denoted deltaPhase(F(i)), which values are
retained, in block 910, for future analysis.

[0086] Inblock912,adetermination may be made whether
the loop counter, i, has a value of n/2, where n equals the
number of filter coefficients being calculated. If not, then the
loop counter is incremented, in block 914, and the method
iterates as shown. More particularly, during the next iteration
ofblock 908, transmit IQ gain and phase correction values are
determined for a calibration tone at an offset frequency, F(i),
which corresponds to a different, non-zero offset frequency
from the offset frequency used during the previous iteration.
Accordingly, for example, F(1) is not equal to F(2). The
method continues to iterate until transmit IQ gain and phase
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correction values have been determined for all offset frequen-
cies of interest (e.g., when a determination is made, in block
912, that the loop counter, i, has a value of n/2).

[0087] When the transmit IQ gain and phase correction
values have been determined for all offset frequencies of
interest, then in block 916, the equalizer filter coefficients are
determined. As mentioned previously, according to an
embodiment, equalization may be performed, atn (e.g., four)
offset frequencies, where the offset frequencies include one
or more offset frequencies (e.g., F(1) and F(2)) above the
carrier frequency, and an equal number of additional offset
frequencies (e.g., F(3) and F(4)) symmetrically located below
the carrier frequency. According to an example embodiment,
in which n=4, for example:

F(3)=—F(1); and

F(4)=-F(2). (Equations 10)

By applying the property of conjugate symmetry of the dis-
crete Fourier transform, an assumption may be made, in such
an embodiment, that:

deltaGain(F(3))=deltaGain(F(1));
deltaGain(F(4))=deltaGain(F(2));
deltaPhase(F(3))=—deltaPhase(F(1)); and

deltaPhase(F(4))=—deltaPhase(F(2)). (Equations 11)

According to an embodiment in which the equalizer filteris a
4-tap filter, the filter implemented in the equalizer (e.g., IQ
equalizer 218, FIG. 2) satisfies the following:

H(e (j2piF(i)/Fsamp))=deltaGain(F(i)) *exp

(7*deltaPhase(F(7))) for i=1, 2, 3, 4, (Equation 12)

where Fsamp is the sampling frequency of the discrete time
receive signal (I +j*Qg ), which is the same as the sampling
frequency of the discrete time transmit signal (I, 4+*Qzy),
according to an embodiment.

Accordingly, the four coefficients, c0, c1, c2, and ¢3 may be
obtained as follows:

c0 (Equation 13)
cl
c2 =
3
1 e 0 i piBw Hiwo)
| el e priBwy H(w)

invers

1 e e eBwi || conj(H(wo)) |

1 w0 el pBwo conj(H(wy))

where w, and €2, are discrete time sampling frequencies ofthe
receiver analog-to-digital converters (e.g., ADCs 298, 300,
FIG. 2), and wherein w,i=(2 pi F(i))/Fsamp. According to an
embodiment, the matrix of Equation 13 may be pre-computed
for each set {w,, w,}. The nature of the 1Q imbalance
imposed by the above-described method embodiment is that,
after correction of the frequency-independent component of
the 1Q imbalance (e.g., in block 510, FIG. 5), the residual,
complex IQ imbalance is conjugate-symmetric (e.g., the fre-
quency-dependent component of the 1Q imbalance at offset
frequencies F(1), -F(1) are complex conjugates of each other.
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In other words, the residual 1Q gain and phase imbalances
have even and odd symmetry, respectively, about the carrier
frequency.

[0088] In block 918, the filter coefficients of the IQ equal-
izer are updated by storing the n filter coefficients determined
in block 916 in the filter coefficient registers that are acces-
sible by the IQ equalizer (e.g., IQ equalizer 218, FIG. 2). The
method then ends.

[0089] Itisto beunderstood that certain ones of the process
blocks depicted in FIGS. 5, 6, and 9 may be performed in
parallel with each other or with performing other processes.
In addition, it is to be understood that the particular ordering
of the process blocks depicted in FIGS. 5, 6, and 9 may be
modified, while achieving substantially the same result.
Accordingly, such modifications are intended to be included
within the scope of the inventive subject matter.

[0090] Thus, various embodiments of IQ imbalance mea-
surement and correction methods and apparatus have been
described. A particular embodiment includes a wireless
device having a baseband processing subsystem, a transmitter
lineup, a power amplifier, and an antenna. The baseband
processing subsystem is adapted to generate a stream of com-
plex, digital baseband samples having real components and
imaginary components. The transmitter lineup is adapted to
process the real components along a first channel and to
process the imaginary components along a second channel in
order to produce processed real components and processed
imaginary components. The transmitter lineup includes an
equalizer and an RF modulator. The equalizer is adapted to
perform an equalization procedure to either the processed real
components or the processed imaginary components in order
to compensate for offset frequency-dependent components of
transmitter IQ imbalance, where performing the equalization
procedure results in equalized samples. The RF modulator is
adapted to receive and to modulate analog versions of the
equalized samples, resulting in an analog RF signal. The
power amplifier is adapted to amplify the analog RF signal in
order to produce an amplified RF signal, and the antenna is
adapted to radiate the amplified RF signal onto an air inter-
face.

[0091] According to a further embodiment, the wireless
device also includes a balancer adapted to apply IQ gain
correction and 1Q phase correction to the equalized samples
in order to compensate for offset frequency-independent
components of the transmitter IQ imbalance. According to
another further embodiment, the wireless device also
includes a calibration tone generator and a calibration pro-
cessing subsystem. The calibration tone generator is adapted
to produce calibration tones in the form of sequences of
digital calibration tone samples that are provided to the trans-
mitter lineup as the real components and the imaginary com-
ponents. The calibration processing subsystem is adapted to
perform a calibration procedure by receiving sequences of
digital receive samples that represent transmitter and receiver
processed versions of the digital calibration tone samples, and
processing the digital calibration tone samples and the digital
receive samples in order to generate filter coefficients that are
utilized by the equalizer during performance of the equaliza-
tion procedure, and to generate the 1Q gain correction value
and the IQ phase correction value that are utilized by the
balancer during application of the IQ gain correction and the
1Q phase correction

[0092] Another embodiment includes a transceiver that
includes a transmitter lineup and a receiver lineup. The trans-
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mitter lineup is adapted to process a stream of complex,
digital baseband samples that includes real components and
imaginary components. The transmitter lineup processes the
real components along a first channel and processes the
imaginary components along a second channel in order to
produce processed real components and processed imaginary
components. The transmitter lineup includes an equalizer and
an RF modulator. The equalizer is adapted to perform an
equalization procedure to either the processed real compo-
nents or the processed imaginary components in order to
compensate for offset frequency-dependent components of
transmitter 1Q imbalance, where performing the equalization
procedure results in equalized samples. The RF modulator is
adapted to receive and to modulate analog versions of the
equalized samples, resulting in an analog RF signal. The
receiver lineup is adapted to receive, demodulate, down-con-
vert, filter, and perform analog-to-digital conversion of the
analog RF signal in order to produce digital receive samples.
[0093] Yet another embodiment includes a method for per-
forming IQ imbalance correction in a wireless device. The
method includes the steps of receiving a stream of complex,
digital baseband samples that includes real components and
imaginary components, processing the real components
along a first channel in order to produce processed real com-
ponents, processing the imaginary components along a sec-
ond channel in order to produce processed imaginary com-
ponents, performing an equalization procedure to either the
processed real components or the processed imaginary com-
ponents in order to compensate for offset frequency-depen-
dent components of transmitter 1Q imbalance, where per-
forming the equalization procedure results in equalized
samples, and modulating analog versions of the equalized
samples, resulting in an analog RF signal.

[0094] According to a further embodiment, the method also
includes applying 1Q gain correction and IQ phase correction
to the equalized samples in order to compensate for offset
frequency-independent components of the transmitter 1Q
imbalance. According to another further embodiment, the
method also includes producing calibration tones in the form
of sequences of digital calibration tone samples, providing
the digital calibration tone samples to the transmitter lineup
as the real components and the imaginary components,
receiving sequences of digital receive samples that represent
transmitter and receiver processed versions of the digital cali-
bration tone samples, processing the digital calibration tone
samples and the digital receive samples in order to generate
filter coefficients that are utilized during performance of the
equalization procedure, and processing the digital calibration
tone samples and the digital receive samples in order to gen-
erate the IQ gain correction value and the IQ phase correction
value that are utilized during application of the 1Q gain cor-
rection and the IQ phase correction.

[0095] While the principles of the inventive subject matter
have been described above in connection with specific sys-
tems, apparatus, and methods, it is to be clearly understood
that this description is made only by way of example and not
as a limitation on the scope of the inventive subject matter.
The various functions or processing blocks discussed herein
and illustrated in the Figures may be implemented in hard-
ware, firmware, software or any combination thereof. Fur-
ther, the phraseology or terminology employed herein is for
the purpose of description and not of limitation.

[0096] The foregoing description of specific embodiments
reveals the general nature of the inventive subject matter
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sufficiently that others can, by applying current knowledge,
readily modify and/or adapt it for various applications with-
out departing from the general concept. Therefore, such adap-
tations and modifications are within the meaning and range of
equivalents of the disclosed embodiments. The inventive sub-
ject matter embraces all such alternatives, modifications,
equivalents, and variations as fall within the spirit and broad
scope of the appended claims.

What is claimed is:
1. An apparatus comprising:
a transmitter lineup adapted to process real components of
a stream of complex, digital baseband samples along a
first channel and to process imaginary components of
the stream of complex, digital baseband samples along a
second channel in order to produce processed real com-
ponents and processed imaginary components, wherein
the transmitter lineup includes
an equalizer adapted to perform an equalization proce-
dure to at least one of the processed real components
and the processed imaginary components in order to
compensate for offset frequency-dependent compo-
nents of transmitter IQ imbalance, wherein perform-
ing the equalization procedure results in equalized
samples; and

aradio frequency (RF) modulator adapted to receive and
to modulate analog versions of the equalized samples,
resulting in an analog RF signal.

2. The apparatus of claim 1, wherein the equalizer com-
prises an n-tap finite impulse response (FIR) filter having n
programmable, real coefficients.

3. The apparatus of claim 1, further comprising:

a balancer adapted to apply IQ gain correction and IQ
phase correction to the equalized samples in order to
compensate for offset frequency-independent compo-
nents of the transmitter 1Q imbalance.

4. The apparatus of claim 3, wherein the balancer is
adapted to apply IQ gain correction and IQ phase correction
by applying an IQ gain correction value and an 1Q phase
correction value to the equalized samples.

5. The apparatus of claim 1, further comprising:

a calibration tone generator adapted to produce calibration
tones in the form of sequences of digital calibration tone
samples that are provided to the transmitter lineup as the
real components and the imaginary components; and

a calibration processing subsystem adapted to perform a
calibration procedure by receiving sequences of digital
receive samples that represent transmitter and receiver
processed versions of the digital calibration tone
samples, and processing the digital calibration tone
samples and the digital receive samples in order to gen-
erate filter coefficients that are utilized by the equalizer
during performance of the equalization procedure, and
to generate an IQ gain correction value and an IQ phase
correction value that are utilized by the balancer during
application of an IQ gain correction and an 1Q phase
correction.

6. The apparatus of claim 1, further comprising:

a switching network adapted to route the processed real
components and the processed imaginary components
around the equalizer during the calibration procedure;

a receiver lineup having an input and an output; and

a feedback path adapted to convey the analog RF signal to
the input of the receiver lineup, wherein the receiver
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lineup produces the digital receive samples from the
analog RF signal at the output of the receiver lineup.

7. The apparatus of claim 1, further comprising:

a receiver lineup adapted to receive, demodulate, down-
convert, filter, and perform analog-to-digital conversion
of the analog RF signal in order to produce digital
receive samples.

8. The apparatus of claim 1, further comprising:

a baseband processing subsystem adapted to generate the
stream of complex, digital baseband samples;

a power amplifier adapted to amplify the analog RF signal
in order to produce an amplified RF signal; and

an antenna adapted to radiate the amplified RF signal onto
an air interface.

9. The apparatus of claim 1, wherein the apparatus forms at

least a portion of a wireless device selected from a group of
devices that includes a cellular telephone, a radio, a personal
data assistant, a computer, and a mobile internet device.

10. A transceiver comprising:
a transmitter lineup adapted to process a stream of com-
plex, digital baseband samples that includes real com-
ponents and imaginary components, wherein the trans-
mitter lineup processes the real components along a first
channel and processes the imaginary components along
a second channel in order to produce processed real
components and processed imaginary components, and
wherein the transmitter lineup includes
an equalizer adapted to perform an equalization proce-
dure to at least one of the processed real components
and the processed imaginary components in order to
compensate for offset frequency-dependent compo-
nents of transmitter IQ imbalance, wherein perform-
ing the equalization procedure results in equalized
samples, and

aradio frequency (RF) modulator adapted to receive and
to modulate analog versions of the equalized samples,
resulting in an analog RF signal; and

a receiver lineup adapted to receive, demodulate, down-

convert, filter, and perform analog-to-digital conversion
of the analog RF signal in order to produce digital
receive samples.

11. The transceiver of claim 10, wherein the transmitter

lineup further comprises:
a balancer adapted to apply 1Q gain correction and 1Q

phase correction to the equalized samples in order to
compensate for offset frequency-independent compo-
nents of the transmitter IQ imbalance.

12. The transceiver of claim 10, further comprising:

a calibration tone generator adapted to produce calibration

tones in the form of sequences of digital calibration tone
samples that are provided to the transmitter lineup as the
real components and the imaginary components; and

a calibration processing subsystem adapted to perform a

calibration procedure by receiving sequences of digital
receive samples that represent transmitter and receiver
processed versions of the digital calibration tone
samples, and processing the digital calibration tone
samples and the digital receive samples in order to gen-
erate filter coefficients that are utilized by the equalizer
during performance of the equalization procedure, and
to generate the IQ gain correction value and the IQ phase
correction value that are utilized by the balancer during
application of the IQ gain correction and the IQ phase
correction.
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13. The transceiver of claim 12, further comprising:

a switching network adapted to route the processed real
components and the processed imaginary components
around the equalizer during the calibration procedure;
and

a feedback path adapted to convey the analog RF signal to
an input of the receiver lineup, wherein the receiver
lineup produces the digital receive samples from the
analog RF signal at an output of the receiver lineup.

14. A method for performing transmit 1Q imbalance cor-
rection in a wireless device, the method comprising the steps
of:

receiving a stream of complex, digital baseband samples
that includes real components and imaginary compo-
nents;

processing the real components along a first channel in
order to produce processed real components;

processing the imaginary components along a second
channel in order to produce processed imaginary com-
ponents;

performing an equalization procedure to at least one of the
processed real components and the processed imaginary
components in order to compensate for offset fre-
quency-dependent components of transmitter IQ imbal-
ance, wherein performing the equalization procedure
results in equalized samples; and

modulating analog versions of the equalized samples,
resulting in an analog RF signal.

15. The method of claim 14, wherein performing the equal-
ization procedure comprises filtering at least one of the pro-
cessed real components or the processed imaginary compo-
nents using an n-tap finite impulse response (FIR) filter
having n programmable, real coefficients.

16. The method of claim 14, further comprising:

applying 1Q gain correction and 1Q phase correction to the
equalized samples in order to compensate for offset
frequency-independent components of the transmitter
1Q imbalance.
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17. The method of claim 16, further comprising perform-
ing a calibration procedure by:

producing calibration tones in the form of sequences of

digital calibration tone samples;

providing the digital calibration tone samples to the trans-

mitter lineup as the real components and the imaginary
components;
receiving, by a receiver lineup, sequences of digital receive
samples that represent transmitter and receiver pro-
cessed versions of the digital calibration tone samples;

processing, by the receiver lineup, the digital calibration
tone samples and the digital receive samples in order to
generate filter coefficients that are utilized during per-
formance of the equalization procedure; and

processing the digital calibration tone samples and the
digital receive samples in order to generate the 1Q gain
correction value and the IQ phase correction value that
are utilized during application of the IQ gain correction
and the IQ phase correction.
18. The method of claim 17, wherein performing the cali-
bration procedure further comprises:
enabling a feedback path between an output of the trans-
mitter lineup and an input of the receiver lineup; and

configuring the transmitter lineup in a bypass mode in
order to bypass the steps of performing the equalization
procedure during the calibration procedure.

19. The method of claim 18, wherein performing the cali-
bration procedure further comprises:

providing a control signal to a multiplexer to cause the

multiplexer to provide the digital calibration tone
samples to the transmitter lineup.

20. The method of claim 14, wherein modulating the ana-
log versions comprises performing digital, multi-carrier
modulation using Orthogonal Frequency Division
Multiplexing.





