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METHODS AND SYSTEMS FOR CALIBRATING A FREQUENCY-DIVISION DUPLEXING
TRANSCEIVER

TECHNICAL FIELD

[0001] The present embodiments relate generally to communication systems, and
specifically to compensating for signal impairments including 1/Q mismatch in transceivers

performing frequency-division duplexing (FDD).

BACKGROUND OF RELATED ART

[0002] Frequency-division duplexing (FDD) transceivers use distinct frequencies to transmit
and receive data. Calibrating FDD transceivers is challenging: because the transmitter and
receiver units in the transceiver use different frequencies, transmit data cannot simply be looped

back to the receiver.

[0003] FDD transceivers may be implemented using Quadrature Amplitude Modulation
(QAM) transceivers that are sensitive to various signal impairments that affect the quality of the
transmitted and received signals. Signal impairments may result from non-idealities in the RF
front-ends of the transceivers. For example, mismatched active and passive elements (e.g.,
quadrature mixers, filters, and/or analog-to-digital converters) in the | and Q (in-phase and
quadrature) signal paths introduce 1/Q mismatch impairments in transmitted and received signals.
I/Q mismatch is present in both the transmitter and receiver.

[0004] Accordingly, there is a need for techniques to calibrate FDD transceivers to

compensate for signal impairments such as 1/Q mismatch.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] The present embodiments are illustrated by way of example and are not intended to
be limited by the figures of the accompanying drawings. Like numbers reference like elements
throughout the drawings and specification.

[0006] FIGS. 1A-1C are block diagrams of an FDD QAM transceiver in accordance with
some embodiments.
[0007] FIG. 2 is a circuit diagram of a phase shift unit in accordance with some

embodiments.

[0008] FIG. 3 is a flow diagram of a method for performing I/Q mismatch calibration in an

FDD transceiver in accordance with some embodiments.
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[0009] FIG. 4 is a flow diagram of a method for performing I/Q mismatch calibration in an

FDD transceiver in accordance with some embodiments.

[0010] FIG. 5 is a flow diagram illustrating a method of operating an FDD transceiver in

accordance with some embodiments.

[0011] FIG. 6 is a block diagram of a communication device in accordance with some

embodiments.

DETAILED DESCRIPTION

[0012] In accordance with the present embodiments, techniques are disclosed for
calibrating a frequency-division duplexing (FDD) transceiver to compensate for signal

impairments.

[0013] In some embodiments, an FDD transceiver includes a first mixer to up-convert a
transmit signal and a first switch, coupled to the first mixer, to selectively provide a transmit local
oscillator signal or a receive local oscillator signal to the first mixer. The transmit local oscillator
signal has a first frequency and the receive local oscillator signal has a second frequency distinct
from the first frequency. The FDD transceiver also includes a second mixer to down-convert a
receive signal and a second switch, coupled to the second mixer, to selectively provide the

transmit local oscillator signal or the receive local oscillator signal to the second mixer.

[0014] In some embodiments, a method of operating an FDD transceiver includes operating
the FDD transceiver in a normal mode and a calibration mode. In the normal mode, a transmit
local oscillator signal is provided to a first mixer to up-convert a transmit signal. A receive local
oscillator signal is provided to a second mixer to down-convert a receive signal. The transmit local
oscillator signal has a first frequency and the receive local oscillator signal has a second frequency
distinct from the first frequency. In the calibration mode, either the transmit local oscillator signal
or the receive local oscillator signal is provided to the first and second mixers.

[0015] In some embodiments, a non-transitory computer-readable storage medium stores
instructions, which when executed by a processor in a communication device that includes a
transceiver, cause the transceiver to provide a transmit local oscillator signal to a first mixer to up-
convert a transmit signal in a normal mode; to provide a receive local oscillator signal to a second
mixer to down-convert a receive signal in the normal mode, wherein the transmit local oscillator
signal has a first frequency and the receive local oscillator signal has a second frequency distinct
from the first frequency; and to provide either the transmit local oscillator signal or the receive local
oscillator signal to the first and second mixers in a calibration mode.

[0016] In the following description, numerous specific details are set forth such as examples
of specific components, circuits, and processes to provide a thorough understanding of the

2
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present disclosure. Also, in the following description and for purposes of explanation, specific
nomenclature is set forth to provide a thorough understanding of the present embodiments.
However, it will be apparent to one skilled in the art that these specific details may not be required
to practice the present embodiments. In other instances, well-known circuits and devices are
shown in block diagram form to avoid obscuring the present disclosure. The term “coupled” as
used herein means connected directly to or connected through one or more intervening
components or circuits. Any of the signals provided over various buses described herein may be
time-multiplexed with other signals and provided over one or more common buses. Additionally,
the interconnection between circuit elements or software blocks may be shown as buses or as
single signal lines. Each of the buses may alternatively be a single signal line, and each of the
single signal lines may alternatively be buses, and a single line or bus might represent any one or
more of a myriad of physical or logical mechanisms for communication between components. The
present embodiments are not to be construed as limited to specific examples described herein but
rather to include within their scope all embodiments defined by the appended claims.

[0017] FIG. 1A is a block diagram of a frequency-division duplexing (FDD) QAM transceiver
100 in accordance with some embodiments. The transceiver 100 may be included within a
communication device (e.g., communication device 600, FIG. 6), such as a wireless (e.g., WLAN)
device with a wireless network connection or a wireline device with a wired network connection.
As illustrated, the transceiver 100 includes a transmitter unit 110 and a receiver unit 150. A loop-
back path 105 is coupled between the transmitter unit 110 and the receiver unit 150 in the analog
front end (AFE) of the transceiver 100. The loop-back path 105 is located in a radio-frequency
(RF) portion of the AFE. The loop-back path 105 is used during calibration modes of the
transceiver 100 to perform I/Q mismatch calibration operations. The calibration modes include a
transmitter calibration mode for calibrating the transmitter unit 110 and a receiver calibration mode

for calibrating the receiver unit 150.

[0018] In some embodiments, the transmitter unit 110 includes a transmitter AFE 120 and a
transmitter baseband processor 140. For wireless devices, the transmitter unit 110 also includes
an antenna 102. The transmitter baseband processor 140 includes a transmitter pre-distortion unit
145. The receiver unit 150 includes a receiver AFE 160 and a receiver baseband processor 180.
The receiver baseband processor 180 includes an I/Q mismatch calibration unit 185. For wireless
devices, the receiver unit 150 also includes an antenna 101. Alternately, the transmitter unit 110
and receiver unit 150 share a single, common antenna. For wireline devices, the antennas 101
and 102 are absent and the ampilifiers 128 and 161 are coupled to wireline connections (e.g., to a

single common wireline connection, such as a common cable).

[0019] In the example of FIG. 1A, the transmitter AFE 120 includes a digital-to-analog
converter (DAC) 121A for the in-phase (1) signal path, amplifier/filter circuitry 122A for the | signal
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path, a local oscillator (LO) mixer 124A for the | signal path, a DAC 121B for the quadrature (Q)
signal path, amplifier/filter circuitry 122B for the Q signal path, an LO mixer 124B for the Q signal
path, a variable gain amplifier (VGA) 126, and a power amplifier (PA) 128. The mixers 124A and
124B up-convert the | and Q transmit signals from baseband directly to the carrier frequency by
mixing the | and Q transmit signals with local oscillator signals, where the frequency of the local
oscillator signals is the carrier frequency. A combiner 129 combines the ouiputs of the mixers
124A and 124B and provides the combined outputs to VGA 126. Mismatch between mixers 124A
and 124B, between amplifiers/filters 122A and 122B, and/or between DACs 121A and 121B

results in transmitter-side 1/Q mismatch.

[0020] The receiver AFE 160 includes a low-noise amplifier (LNA) 161, a VGA 162, an LO
mixer 164A for the | signal path, amplifier/filter circuitry 166A for the | signal path, an analog-to-
digital converter (ADC) 168A for the | signal path, an LO mixer 164B for the Q signal path,
amplifier/filter circuitry 166B for the Q signal path, and an ADC 168B for the Q signal path. The
mixers 164A and 164B directly down-convert the receive signal into baseband | and Q signals by
mixing the receive signal with local oscillator signals, where the frequency of the local oscillator
signals (as generated by a local oscillator, not shown) is ideally the carrier frequency. Mismatch
between mixers 164A and 164B, between ampilifiers/filters 166A and 166B, and/or between ADCs
168A and 168B results in receiver-side 1/Q mismatch.

[0021] In the example of FIG. 1A, the transceiver 100 is implemented as a direct-conversion
transceiver that converts receive signals from the frequency at which they are received directly to
baseband and converts signals to be transmitted directly from baseband to the transmission
frequency. Other implementations are possible, however. For example, the receiver unit 150
and/or transmitter unit 110 may include additional mixers to implement an intermediate-frequency
(IF) architecture. In some implementations, the receiver unit 150 may include an additional mixer
after the VGA 162 to implement a sliding IF architecture. The additional mixer or mixers may be
coupled to switches that are analogous to switches 123A-B and 165A-B.

[0022] During normal FDD operation, the receiver AFE 160 and the transmitter AFE 120
operate at distinct frequencies. In the receiver AFE 160, switches 165A and 165B are respectively
coupled to mixers 164A and 164B and are configured in the normal operating mode to provide in-
phase and quadrature receive local oscillator signals LO(l)rx and LO(Q)rx to mixers 164A and
164B. Local oscillator signals LO(l)rx and LO(Q)rx have a frequency corresponding to the carrier
frequency of received signals. For example, the frequency of LO(l)rx and LO(Q)rx differs from the
carrier frequency of received signals by a carrier frequency offset (CFO) that is a source of signal
impairment. In the transmitter AFE 120, switches 123A and 123B are respectively coupled to
mixers 124A and 124B and are configured in the normal operating mode to provide in-phase and
quadrature transmit local oscillator signals LO(l)tx and LO(Q)tx to mixers 124A and 124B. The
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frequency of the local oscillator signals LO(l)tx and LO(Q)rx is the carrier frequency of the
transmitted signals, and is distinct from the frequency of the local oscillator signals LO(l)rx and
LO(Q)gx.

[0023] Each of the switches 165A, 165B, 123A, and 123B is configurable to provide either a
transmit or a receive local oscillator signal to its corresponding mixer 164A, 164B, 124A, and
124B. For example, in a transmitter calibration mode, switches 165A and 123A are configured to
provide LO(I)tx to mixers 164A and 124A, and switches 165B and 123B are configured to provide
LO(Q)rx to mixers 164B and 124B, as shown in FIG. 1B. In a receiver calibration mode, switches
165A and 123A are configured to provide LO(l)rx to mixers 164A and 124A, and switches 165B
and 123B are configured to provide LO(Q)rx to mixers 164B and 124B, as shown in FIG. 1C. The
switches thus allow the transmitter unit 110 and receiver unit 150 to operate at the same
frequency during calibration, thereby permitting the transceiver 100 to perform loop-back
calibration.

[0024] In the examples of FIGS. 1A-1C, in the transmitter unit 110, a first end of the loop-
back path 105 is coupled between the VGA 126 and the PA 128 of the transmitter AFE 120, and in
the receiver unit 150, a second end of the loop-back path 105 is coupled between the LNA 161
and the VGA 162. In other implementations, however, ends of the loop-back path 105 may be
coupled to different parts of the circuitry of the transmitter AFE 120 and the receiver AFE 160. For
example, the first end of the loop-back path 105 may be coupled between the combiner 129 and
the VGA 126 of the transmitter AFE 120, and the second end of the loop-back path 105 may be
coupled between the VGA 162 and the LO mixers 164 of the receiver AFE 160. As shown, the
loop-back path 105 includes a loop-back switch 115 and a phase shifter 125, which may be part of
or separate from the transmitter unit 110 or the receiver unit 150 portions of the transceiver 100.
The loop-back switch 115 (e.g., a transistor) is used to open the loop-back path 105 during a
normal mode of operation of the transceiver 100 (e.g., when transmitting and receiving RF signals
via a network), and close the loop-back path 105 during calibration modes of operation. When
closed, the loop-back path couples outputs of mixers 124A and 124B in the transmitter AFE 120 to
inputs of mixer 164A and 164B in the receiver AFE 160. In one example, the state of the loop-
back switch 115 may be controlled by the 1/Q mismatch calibration unit 185 of the receiver
baseband processor 180. In other examples, the loop-back switch 115 can be controlled by other
device components (e.g., the processor unit 601, FIG. 6, or another controller implemented in
hardware and/or software). The phase shifter 125 is used during the calibration modes to add a
phase shift to selected signals provided from the transmitter unit 110 to the receiver unit 150, as
described further below. In one example, the phase shifter 125 includes a phase shift element
(e.g., phase shift element 210, FIG. 2) and a switch (e.g., switch 205, FIG. 2) that is used to
bypass the phase shift element.
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[0025] During a calibration mode of operation, the loop-back switch 115 is closed, and the
transmitter unit 110 successively provides a first signal and a second signal to the receiver unit
150 via the loop-back path 105. In some embodiments, the transmitter unit 110 provides the first
signal to the receiver unit 150 without intentionally adding a phase shift, and intentionally adds a
phase shift to the second signal provided to the receiver unit 150. For example, the switch 205
(FIG. 2) of the phase shifter 125 is closed to bypass the phase shift element 210 during
transmission of the first signal. After transmission of the first signal, the switch 205 of the phase
shifter 125 is opened, and the transmitter unit 110 provides a second signal to the receiver unit
150 with a phase shift added by the phase shift element 210. In some embodiments, the switch
205 of the phase shifter 125 may be opened and closed by the transmitter pre-distortion unit 145,
the 1/Q mismatch calibration unit 185, or another control entity of the transceiver 100.

[0026] During an 1/Q mismatch calibration operation (e.g., transmitter calibration or receiver
calibration), the receiver unit 150 determines a first set of I/Q measurements from the first signal
and a second set of I/Q measurements from the second signal. For example, the receiver unit 150
determines measurements for both the | and Q components of the first signal, and measurements
for both the | and Q components of the second signal with an added phase shift. The receiver unit
150 then calculates transmitter I/Q mismatch parameters and receiver I/Q mismatch parameters
based on the first and second sets of I/Q measurements. For example, the receiver unit 150
calculates the transmitter gain mismatch, receiver gain mismaich, transmitter phase mismatch,
and receiver phase mismatch. Depending on the calibration mode, the receiver unit 150 provides
the transmitter unit 110 with the transmitter I/Q mismatch parameters. During transmitter
calibration, for example, the I/Q mismatch calibration unit 185 provides the transmitter pre-
distortion unit 145 with the calculated transmitter gain mismatch and transmitter phase mismatch,
which are used to perform pre-distortion operations during normal operations, as further described
below.

[0027] The components described with reference to FIGS. 1A-1C are exemplary only. In
various embodiments, one or more of the components described may be omitted, combined, or
modified, and additional components may be included. For instance, in some embodiments, the
transmitter unit 110 and receiver unit 150 may share a common antenna, or may have various
additional antennas and transmitter/receiver chains. In some implementations, the transceiver
100 may include less or more filter and/or amplifier circuitry (e.g., blocks 122A-B and 166A-B of
FIGS. 1A-1C). In some implementations, the phase shift that is added to the second signal can be
added by other techniques (e.g., by adding an offset to the phase of the local oscillator (LO)
signals provided to the mixers 124A-B), as will be described further below.

[0028] FIG. 2 is a circuit diagram of an example of the phase shifter 125. In some
embodiments, the phase shifter 125 is included in the transmitter unit 110 within the loop-back
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path 105 connecting the transmitter unit 110 to the receiver unit 150 (see FIG. 1). As shown in the
example of FIG. 2, the phase shifter 125 includes a bypass switch 205, a resistor 210, and a
transistor 215. The resistor 210 is a phase shift element that phase-shifts the signal being looped
back from the transmitter unit 110 to the receiver unit 150, but may be bypassed by closing the
bypass switch 205 to avoid phase-shifting the loop-back signal. In one example, the transistor 215
can be an NMOS transistor. In various implementations, the phase shifter 125 can be enabled by
a controlling entity (e.g., the transmitter pre-distortion unit 145 or the 1/Q mismatch calibration unit
185, FIGS. 1A-1C) during 1/Q mismatch calibration in order to add a phase shift to selected signals
provided from the transmitter unit 110 to the receiver unit 150 via the loop-back path 105.

[0029] In various implementations, 1/Q mismatch calibration is performed at the transceiver
100 to improve (i.e., reduce) the error vector magnitude (EVM) associated with the transmitter unit
110 and/or the EVM associated with the receiver unit 150. The EVM is a measure of the
performance of the transmitter unit 110 or the receiver unit 150. For example, a high amount of
gain imbalance and/or phase error at the output of the transmitter unit 110 can result in a high
EVM for the transmitter unit. 1/Q phase mismatch causes the | signal to leak to the Q signal, and
vice versa, which leads to crosstalk between the subcarriers, and therefore errors. 1/Q mismatch
calibration may improve EVM by reducing the transmitter and receiver gain mismatch and phase
mismatch that contribute to the EVM. For example, the phase mismatch EVM for the transmitter
unit 110 or the receiver unit 150 can be represented by the following equation (Eq. 1):

2 2
EVM ,,,(dB) = 101og10(%+ Af j

(Eq. 1)
€: gain mismatch normalized to nominal gain (Again/gain);
0: phase mismaich in radians.
[0030] As shown in the above equation (Eq. 1), a desired EVM may be achieved by

reducing the gain mismatch and/or the phase mismatch. The I/Q mismatch calibration techniques
described herein determine (e.g., estimate) and reduce the transmitter gain and phase mismatch
and the receiver gain and phase mismatch.

[0031] FIG. 3 is a flow diagram of a method 300 for performing I/Q mismatch calibration in
an FDD transceiver 100 (FIGS. 1A-1C) in accordance with some embodiments. At 305, the
transceiver 100 is configured for either transmitter calibration or receiver calibration. The same
local oscillator signal is provided to corresponding mixers in the transmitter and receiver units 110
and 150. In transmitter calibration mode, switches 165A and 123A are configured to provide
LO(l)tx to mixers 164A and 124A, and switches 165B and 123B are configured to provide LO(Q)rx
to mixers 164B and 124B, as shown in FIG. 1B. In receiver calibration mode, switches 165A and
123A are configured to provide LO(l)rx to mixers 164A and 124A, and switches 165B and 123B
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are configured to provide LO(Q)rx to mixers 164B and 124B, as shown in FIG. 1C. These switch
configurations allow the transmitter and receiver units 110 and 150 to operate at the same
frequency during calibration and thus allow loop-back calibration to be performed.

[0032] At 310, the loop-back switch 115 is closed and a first signal is provided from the
transmitter unit 110 to the receiver unit 150 via the loop-back path 105. In some embodiments, for
transmission of the first signal, bypass switch 205 in the phase shifter 125 (FIG. 2) is closed to
bypass the phase shift element 210 and thus avoid intentionally introducing a phase shift to the
first signal.

[0033] At 320, a second signal is provided from the transmitter unit 110 to the receiver unit
150 via the loop-back path 105. The phase shifter 125 adds a phase shift to the second signal.
For example, the bypass switch 205 in the phase shifter 125 is opened so that the phase shift
element 210 is not bypassed; the phase shift element 210 thus adds the phase shift to the second
signal. The phase shift added by the phase shifter 125 can be a known phase shift or an unknown
phase shift.

[0034] At 330, during a transmitter or receiver calibration operation, a first set of 1/Q
measurements is determined from the first signal received at the receiver unit 150, and a second
set of I1/Q measurements is determined from the second signal received at the receiver unit 150.
In some embodiments, the receiver unit 150 (e.g., I/Q mismatch calibration unit 185) determines
measurements for both the | and Q components of the first signal, and measurements for both the
I and Q components of the second signal with the added phase shift. The measurements of the
receiver | and Q components of the first signal can be represented by the following equations (Eq.
2 and Eq. 3).

R, = G{I(l+%}+Q(MR—;A0TJ cos¢+{Q(l— &r ;gR j+I[A0T ;AGR ﬂsin¢)}
y (Eq. 2)

Ry = G{Q[l - %} 4 I(MR—;MTJ Cosp— Hl i ;gR j + Q[AQT ;MR ﬂ sin ¢}
- (Eq. 3)

R;1, Ry, receiver (RX) | and Q components associated with the first signal, respectively;

I, Q: transmitter (TX) | and Q components associated with the first signal, respectively;
er, €g . Gain mismatch normalized to nominal gain for TX and RX, respectively;

Afy, A8y : Phase mismatch in radians for TX and RX, respectively;

@: Effective phase between TX and RX LO signals;

G: Gain from TX baseband to RX baseband through loop-back path.
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[0035] The measurements of the receiver | and Q components of the second signal (with
phase shift ¢gp;¢:) can be represented by the following equations (Eq. 4 and Eq. 5).

R, =G{|:I(1 : & ‘;‘gR J+4A6R ;Aer J:|Coi¢+ ¢Shiﬂ)+|:41 & ;8R J"'I(AGT ;AGR J:|SII{¢+ ¢shiﬁ)} (Eq 4)
R, - G{ 41 & ereRj N I(MR ;Aé’r ﬂcog(w q)yhl,ﬁ){](l L& ;eR j N quT ;AGR ﬂsn{w@h,ﬁ)}

R;2,Rg2: RX I and Q components associated with the second signal, respectively;

(Eq. 5)

I,Q: TX I and Q components associated with the second signal, respectively;

er, €g . Gain mismatch normalized to nominal gain for TX and RX, respectively;
AB, A8y : Phase mismaich in radians for TX and RX, respectively;

@ + @snise- Effective phase between TX and RX LO signals with added phase shift;

G: Gain from TX baseband to RX baseband through loop-back path.

[0036] As shown above, the equations have six unknowns: &g, g, 01, 0z, @, G. In some
implementations, ¢.;r» May also be unknown. The I/Q mismatch contributions from the
transmitter unit 110 and the receiver unit 150 are combined together in the equations. If ¢ and G

(and @gnif,) are not considered for the moment, since they can be obtained using the techniques

described below, the equations have four unknowns: the transmitter gain mismaich &, the
receiver gain mismatch e, the transmitter phase mismaich 8, and the receiver phase

mismatch 8. The first set of I/Q measurements, represented by the two equations Eq. 2 and Eq.
3, are obtained from the first signal sent from the transmitter unit 110 to the receiver unit 150 via
the loop-back path 105. To solve for the four unknown 1/Q mismatch parameters, an additional
independent measurement (e.g., the second set of I1/Q measurements, represented by the two
equations Eq. 4 and Eq.5) is obtained from the second signal with the phase shift ¢,; ., for a total

of four equations.

[0037] At 340, transmitter 1/Q mismatch parameters and/or receiver 1/Q mismatch
parameters are calculated based on the first and second sets of I/Q measurements. For instance,
in various implementations, the receiver unit 150 calculates the transmitter 1/Q mismatch
parameters: transmitter gain mismatch ¢ and the transmitter phase mismatch 6;, and the receiver
I/Q mismatch parameters: receiver gain mismatch e, and receiver phase mismatch 85, based on
the equations Eq. 2, Eq. 3, EqQ. 4, and Eqg. 5 shown above. For example, the I/Q mismatch
calibration unit 185 of the receiver unit 150 can solve for e, gg, 87, 8 uUsing the equations Eq. 2 —
Eq. 5.



WO 2013/158173 PCT/US2013/022793

[0038] In some embodiments, the 1/Q mismatch calibration unit 185 calculates the total
magnitude and the difference in the magnitude of the | and Q components associated with both
the first signal and the second signal received at the receiver unit 150 for cross-correlation
purposes, as shown in the following equations (Eq. 6, Eq. 7, Eq. 8, and Eq. 9).

R () — Ry ()

- > = gy cos2¢@ + gz + Oy sin 2@ (Eq.6)
Rz () + RG1 (1)
2R;1(E)Rp4(t
1(ORe:(®) = —&psin2¢@ + 0 cos2¢ + Oy (Eq.7)
RE (D) + RG, (D)
RE(8) — R, (D) :
< = &rcoS 2((p +(pshl-ft) + &p + O sin 2((p +(pshl-ft) (Eq.8)

RE, (6) + RE, ()

2R;5(t)Rgz(t)
RE () + RG,(0)

= —grSin 2((p + (pshl-ft) + 84 cos 2((p + (pshl-ft) + Og (Eq.9)

[0039] After calculating the total magnitude and difference in magnitude of the
measurements, the gain (G) (i.e., the gain from TX baseband to RX baseband through the loop-
back path) shown in the equations Eq. 2 — Eq. 5 is divided away, and, after simplification, the four
equations shown above (Eq. 6 — Eq. 9) are derived. Furthermore, by introducing a fixed 1/Q
mismatch parameter (e.g., 40y) to the TX baseband and re-measuring R;;, Ry1,R;3, and Ry;, the

cos 2¢, sin 2¢, cos 2((p + (pshift), and sin 2((p + (pshift) values can be independently derived from
the above equations (Eq. 6 — Eqg. 9). In one example, the I/Q mismatch calibration unit 185
introduces the fixed 1/Q mismatch parameter (e.g., 46;) to the TX baseband via the transmitter
pre-distortion unit 145. After determining the cos 2¢, sin 2¢, cos 2(¢ + @5, ), and sin 2(p +
@Shift) values, the result of these measurements is four linear equations with four unknown 1/Q
mismatch parameters (i.e., the transmitter gain mismaich ¢, the receiver gain mismaich ¢, the
transmitter phase mismatch 6;, and the receiver phase mismatch 8z). The I/Q mismatch
calibration unit 185 then solves for the four unknown 1/Q mismatch parameters (e.g., using
matrices based on the four linear equations).

[0040] In some embodiments, if the transceiver is in transmitter calibration mode, the
receiver mismatch parameters calculated at 340 are discarded, and only the transmitter mismatch
parameters are used at 350 (below). Likewise, if the transceiver is in receiver calibration mode,
the transmitter mismatch parameters calculated at 340 are discarded, and only the receiver
mismatch parameters are used at 350 (below).

[0041] After solving for the four unknown 1/Q mismatch parameters, signal pre-distortion

data is determined for the transmission unit 110 or signal compensation data is determined for the

receiver unit 150, at 350. If transmitter calibration mode was selected at 305, signal pre-distortion
10
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data is determined for the transmission unit 110: it is determined how much to pre-distort signals
to be processed and transmitted by the transmitter unit 110 based on the derived transmitter gain
mismatch e and the transmitter phase mismatch 8, parameters to compensate for the 1/Q
mismatch at the transmitter unit 110. If receiver calibration mode was selected at 305, signal
compensation data is determined for the receiver unit 150: it is determined how much to
compensate the signals to be received and processed at the receiver unit 150 based on the
derived receiver gain mismatch ¢, and the receiver phase mismatch 6, to account for the 1/Q
mismatch at the receiver unit 150.

[0042] For example, in transmitter calibration mode the 1/Q mismatch calibration unit 185 of
the receiver unit 150 provides the derived transmitter gain mismatch e, and the transmitter phase
mismatch 8, parameters to the transmitter pre-distortion unit 145 of the transmitter unit 110. The
transmitter pre-distortion unit 145 may determine how to pre-distort signals to be transmitted by
the transmitter unit 110 based on the derived transmitter 1/Q mismatch parameters and the desired
EVM. For example, if a desired EVM (e.g., an EVM of -36dB) is specified, the pre-distortion unit
145 may determine how much to pre-distort a signal with respect to gain and phase, based on the
derived transmitter gain mismatch e and the transmitter phase mismaich 6, parameters (and Eq.
1), to achieve the desired EVM (or achieve a lower EVM). In other implementations, the 1/Q
mismatch calibration unit 185 may determine how much to pre-distort signals in the transmitter unit
110 and may program the transmitter pre-distortion unit 145 accordingly to achieve the desired
EVM. Similarly, in receiver calibration mode the I/Q mismatch calibration unit 185 can determine
how much to compensate signals received at the receiver unit 150 based on a desired EVM and

on the derived receiver gain mismatch ¢, and the receiver phase mismaitch 6;.

[0043] After the method 300 is performed for one mode (e.g., transmitter calibration mode
or receiver calibration mode), the method 300 is performed again for another mode (e.g., receiver
calibration mode or transmitter calibration mode). In some embodiments, I/Q mismatch calibration
operations in accordance with the method 300 are performed periodically, randomly, during pre-
programmed time periods, and/or during idle time periods when the transceiver 100 is not
processing RF traffic. Furthermore, the method 300 can be repeated one or more times during a
particular calibration mode until the desired calibration results have been achieved (e.g., until the
desired EVM has been met).

[0044] The I/Q mismatch parameters (e.g., the transmitter gain mismatch ¢, the receiver
gain mismatch e, the transmitter phase mismatch 8, and the receiver phase mismatch 8;) can
be derived by various techniques using measurements obtained from the first signal and the
second signal having an added phase shift. For instance, in another implementation, the TX
baseband processor 140 can apply DC values for the TX | and Q components of the signals that
are transmitted to the receiver unit 150 via the loop-back path 105. In one example, using the
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equations Eq. 2 — Eq. 5, for a first set of I/Q measurements R,4, Ry, associated with a first signal,

the TX | component is set equal to a DC value of A and the TX Q component is set equal to 0. In
this example, for a second set of I/Q measurements R;;, R, associated with a second signal, the

TX | component is set equal to 0 and the TX Q component is set equal to a DC value of A.
Additionally, in this example, for a third set of I/Q measurements R;3, R,; associated with a third
signal, the TX | component is set equal to a DC value of A, the TX Q component is set equal to 0,
and ¢ is set equal to ¢ + @gpnir.. Furthermore, in this example, for a fourth set of measurements
R;4, Ro4 @ssociated with a fourth signal, the TX | component is set equal to 0, the TX Q component
is set equal to a DC value of A, and ¢ is set equal to ¢ + @spnir.. As aresult of these
measurements, the following four equations (Eq. 10 — Eqg. 13) can be derived. Similar to the
techniques described above, these equations can be used to obtain the transmitter gain

mismatch s, the receiver gain mismaich &, the transmitter phase mismatch 6, and the receiver
phase mismatch 8, as long as ¢ and ¢ + @gp;r: are not equal to (or relatively close to) values that
cause inaccuracies due to the tangent function in Eq. 10 — Eq. 13 approaching infinity (e.g., when
either ¢ or ¢ + @gnif: iS equal to (or approximately equal to) 90 degrees). It is noted that Eq. 6 -

Eq. 9 do not have this phase value restriction since Eq. 6 — Eq. 9 do not include the tangent

function.

£T+eR+(A9T—A9R)tan(p=§L—1 (Eq. 10)

Q2
ABT+AL R
e g — L =10 (Eq. 11)
er +eg — (MG — ABR) tan(go + (pshift) = ::_(i - (Eq. 12)
_ o _ _(MO7+A8R) _ Ria _

& — &g ooy Ros 1 (Eq. 13)

[0045] FIG. 4 is a flow diagram of another method 400 for performing 1/Q mismatch

calibration in an FDD transceiver 100 in accordance with some embodiments. At 405, the
transceiver 100 is configured in either transmitter calibration mode or receiver calibration mode. In
transmitter calibration mode, switches 165A and 123A are configured to provide LO(l)tx to mixers
164A and 124A, and switches 165B and 123B are configured to provide LO(Q)tx to mixers 164B
and 124B, as shown in FIG. 1B. In receiver calibration mode, switches 165A and 123A are
configured to provide LO(l)rx to mixers 164A and 124A, and switches 165B and 123B are
configured to provide LO(Q)grx to mixers 164B and 124B, as shown in FIG. 1C. These switch
configurations ensure that the transmitter and receiver units operate at the same frequency during

calibration and thus allow loop-back calibration to be performed.

[0046] At 410, the loop-back path switch 115 in the loop-back path 105 is closed. At 420,
the bypass switch 205 (FIG. 2) of the phase shifter 125 is closed to bypass the phase shift

12
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element 210 in the loop-back path 105. At 430, a first signal is provided from the transmitter unit
110 to the receiver unit 150 via the loop-back path 105. Since the bypass switch 205 is closed,
the first signal bypasses the phase shift element 210 (FIG. 2); the first signal therefore is not
intentionally phase-shifted. At 440, the bypass switch 205 of the phase shifter 125 is opened to
include the phase shift element 210 in the loop-back path 105. At 450, a second signal is provided
from the transmitter unit 110 to the receiver unit 150 via the loop-back path. Since the bypass
switch 205 is open, the phase shifter 125 adds a phase shift to the second signal. In one
implementation, the phase shifter 125 can be designed such that the pole associated with the
resistor 210 and the gate capacitor of the transistor 215 is at a predetermined frequency to obtain
a desired phase shift. For example, if the pole associated with the resistor 210 and the gate
capacitor of the transistor 215 is at approximately the RF carrier frequency, a phase shift of
approximately 45 degrees may be added to the second signal. However, the phase shifter 125
may have any suitable design to add a phase shift to selected signals during I/Q mismatch
calibration.

[0047] At 460, first and second sets of I/Q measurements are determined from the first and
second signals, respectively. At 470, transmitter and receiver I/Q mismatch parameters are
calculated based on the first and second sets of I/Q measurements. At 480, pre-distortion data is
determined for transmission unit 110 if the transceiver is in transmitter calibration mode, and
compensation data is determined for the receiver unit 150 if the receiver is in receiver calibration
mode. In blocks 460-480, the first and second signals may be processed using similar techniques
as described above with reference to method 300 (FIG. 3). In some embodiments, transmitter 1/Q
mismatch parameters determined in receiver calibration mode are discarded and thus not used to
determine transmitter pre-distortion data. Likewise, receiver I/Q mismatch parameters determined
in transmitter calibration mode are discarded and not used to determine receiver compensation
data in accordance with some embodiments.

[0048] After the method 400 is performed for one mode (e.g., transmitter calibration mode
or receiver calibration mode), the method 400 is performed again for another mode (e.g., receiver
calibration mode or transmitter calibration mode). In some embodiments, I/Q mismatch calibration
operations in accordance with the method 400 are performed periodically, randomly, during pre-
programmed time periods, and/or during idle time periods when the transceiver 100 is not
processing RF traffic. Furthermore, the method 400 can be repeated one or more times during a
particular calibration mode until the desired calibration results have been achieved (e.g., until the
desired EVM has been met).

[0049] A phase shift may be added to the second signal by various other techniques than
that described for the phase shifter 125 (FIG. 2). In some embodiments, the phase of the local
oscillator (LO) signals provided to mixers 124A and 124B in the transmitter AFE 120 (FIGS. 1A-
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1C) is offset prior to being provided to the mixers 124A and 124B. By changing the phase of the
transmitter LO signals (either LO(1/Q)tx or LO(I/Q)rx, depending on the mode) when the
transmitter unit 110 is processing the second signal, a phase shift is added to the second signal.

In one example, a voltage-controlled oscillator (VCO) may generate the transmitter LO signal (or a
multiple of the LO signal) that is provided to the mixers 124A and 124B. In this example, when the
transmitter unit 110 is processing the second signal, the phase of the output of the VCO may be
offset prior to being provided to the mixers 124A and 124B to add a phase shift to the second
signal.

[0050] After the I/Q mismatch calibration operations have been completed, the I/Q
mismatch calibration unit 185 (or another controlling entity) opens the loop-back path switch 115 to
open the loop-back path 105 between the transmitter unit 110 and the receiver unit 150. The
transceiver 100 then enters a normal mode of operation, with the switches 123A, 123B, 165A, and
165B configured as shown in FIG. 1A. During the normal operational mode, the pre-distortion unit
145 of the transmitter unit 110 pre-distoris the signals being processed by the transmitter unit 110
based on the transmitter I/Q mismatch parameters calculated during the transmitter calibration
mode to compensate for I/Q mismatch at the transmitter unit 110. Furthermore, during the normal
operational mode, the 1/Q mismatch calibration unit 185 of the receiver unit 150 processes signals
received by the receiver unit 150 based on the receiver I/Q mismatch parameters calculated
during the receiver calibration mode to compensate for I/Q mismatch at the receiver unit 150. In
some implementations the pre-distortion unit 145 of the transmitter unit 110 and the 1/Q mismatch
calibration unit 185 of the receiver unit 150 simultaneously compensate for the I/Q mismatch at the
transmitter unit 110 and the receiver unit 150, respectively.

[0051] FIG. 5 is a flow diagram illustrating a method 500 of operating an FDD transceiver
(e.g., the transceiver 100, FIGS. 1A-1C) in accordance with some embodiments.

[0052] In a normal mode of operation, at 502, a first transmit local oscillator signal (e.g., in-
phase transmit local oscillator signal LO(l)tx, FIGS. 1A-1C) is provided to a first mixer (e.g., mixer
124A, FIGS. 1A-1C) to up-convert a transmit signal (e.g., an in-phase transmit signal). The first
transmit local oscillator signal has a first frequency. In some embodiments, a second transmit
local oscillator signal (e.g., quadrature transmit local oscillator signal LO(Q)rx, FIGS. 1A-1C) is
provided to a third mixer (e.g., mixer 124B, FIGS. 1A-1C) to up-convert a transmit signal (e.g., a
quadrature transmit signal), at 504. The second transmit local oscillator signal has the first
frequency.

[0053] A first receive local oscillator signal (e.g., in-phase receive local oscillator signal
LO(I)rx, FIGS. 1A-1C) is provided to a second mixer (e.g., mixer 164A, FIGS. 1A-1C) to down-
convert a receive signal, at 506. The first receive local oscillator signal has a second frequency
that is distinct from the first frequency. In some embodiments, a second receive local oscillator
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signal (e.g., quadrature receive local oscillator signal LO(Q)rx, FIGS. 1A-1C) is provided to a
fourth mixer (e.g., mixer 164B, FIGS. 1A-1C) to down-convert the receive signal, at 508. The
second receive local oscillator signal has the second frequency.

[0054] An example of the operations 502, 504, 506, and 508 is shown in FIG. 1A.
[0055] At 510, a loop-back path (e.g., loop-back path 105, FIGS. 1A-1C) is opened to de-

couple the output of the first (and in some embodiments, the third) mixer from the input of the
second (and in some embodiments, the fourth) mixer. For example, the switch 115 (FIGS. 1A-1C)
is opened during the normal mode.

[0056] In a calibration mode, either the first transmit local oscillator signal (e.g., in-phase
transmit local oscillator signal LO(I)7x) or the first receive local oscillator signal (e.g., in-phase
receive local oscillator signal LO(I)rx) is provided to the first and second mixers, at 512. In some
embodiments, either the second transmit local oscillator signal (e.g., quadrature transmit local

oscillator signal LO(Q)Tx) or the second receive local oscillator signal (e.g., quadrature receive

local oscillator signal LO(Q)Rrx) is provided to the third and fourth mixers, at 514.

[0057] In some embodiments, the calibration mode is a transmitter calibration mode. The
first transmit local oscillator signal (e.g., in-phase transmit local oscillator signal LO(l)tx) is
provided to the first and second mixers, at 512. In some embodiments, the second transmit local
oscillator signal (e.g., quadrature transmit local oscillator signal LO(Q)1x) is provided to the third

and fourth mixers, at 514. An example of the transmitter calibration mode is shown in FIG. 1B.

[0058] In some embodiments, the calibration mode is a receiver calibration mode. The first
receive local oscillator signal (e.g., in-phase receive local oscillator signal LO(l)rx) is provided to
the first and second mixers, at 512. In some embodiments, the second receive local oscillator
signal (e.g., quadrature receive local oscillator signal LO(Q)rx) is provided to the third and fourth
mixers, at 514. An example of the receiver calibration mode is shown in FIG. 1C.

[0059] At 516, the loop-back path (e.g., loop-back path 105, FIGS. 1A-1C) is configured in
the calibration mode to couple the output of the first (and in some embodiments, the third) mixer to
the input of the second (and in some embodiments, the fourth) mixer. For example, the switch
115 (FIGS. 1A-1C) is closed during the calibration mode. At 518, a first signal is transmitted
through the loop-back path (e.g., as described for operations 310, FIG. 3, and 430, FIG. 4). At
520, a second signal is transmitted through the loop-back path, with a phase shift being introduced
in the process (e.g., as described for operations 320, FIG. 3, and 450, FIG. 4). For example, the
phase shift element 210 is switched out of the loop-back path 105 by closing the switch 205 (FIG.
2), and the first signal is transmitted through the loop-back path 105, at 518. The phase shift
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element 210 is then switched into the loop-back path 105 by opening the switch 205 (FIG. 2), and
the second signal is transmitted through the loop-back path 105, at 520.

[0060] In some embodiments, the method 500 may include operating an FDD transceiver
(e.g., the transceiver 100, FIGS. 1A-1C) in each of the transmitter calibration mode and the
receiver calibration mode, with the operations 512, 514, 516, 518, and 520 being repeated for
each of these two modes.

[0061] The method 500 thus generates signals that may be used to calibrate for 1/Q
mismatch in an FDD transceiver. Calibration using the signals generated in the method 500 may
be performed as described for the method 300 (FIG. 3) and/or 400 (FIG. 4).

[0062] While the methods 300 (FIG. 3), 400 (FIG. 4), and 500 (FIG. 5) include a number of
operations that appear to occur in a specific order, it should be apparent that the methods 300,
400, and/or 500 can include more or fewer operations, which can be executed serially or in
parallel. For example, the operations 502, 504, 506, 508, and/or 510 may be performed in
parallel, and the operations 512, 514, and/or 516 may be performed in parallel. An order of two or
more operations may be changed and two or more operations may be combined into a single
operation. For example, the portion of the method 500 in the calibration mode may be performed
before the portion of the method 500 in the normal mode.

[0063] Figure 6 is an example of a block diagram of a communication device 600 that
includes one or more implementations of a transceiver 100 (FIGS. 1A-1C). In some embodiments,
the device 600 is a wireless device (e.g., a WLAN device, such as a personal computer, laptop or
tablet computer, mobile phone, personal digital assistant, GPS device, wireless access point, or
other device). In some embodiments, the device 600 has a wired network connection.

[0064] The device 600 includes a processor unit 601, memory unit 607, network interface
605, and transceiver 100 (FIGS. 1A-1C) coupled by a bus 603. The processor unit 601 includes
one or more processors and/or processor cores. In some embodiments, the network interface 605
includes at least one wireless network interface (e.g., a WLAN interface, a Bluetooth® interface, a
WIMAX interface, a ZigBee® interface, a Wireless USB interface, etc.). In some embodiments,
the device 600 includes at least one wired network interface (e.g., to interface with a coaxial cable
or other physical medium).

[0065] The memory unit 607 includes a non-transitory computer-readable storage medium
(e.g., one or more nonvolatile memory elements, such as EPROM, EEPROM, Flash memory, a
hard disk drive, and so on) that stores an I/Q mismatch calibration software module 610. In some
embodiments, the software module 610 includes instructions that, when executed by the
processor unit 601, the receiver baseband processor 180 (FIGS. 1A-1C), and/or the transmitter
baseband processor 140 (FIGS. 1A-1C), cause the mobile device 600 to perform the methods
300, 400, and/or 500 (FIGS. 3-5).
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[0066] In the foregoing specification, the present embodiments have been described with
reference to specific exemplary embodiments thereof. It will, however, be evident that various
modifications and changes may be made thereto without departing from the broader spirit and
scope of the disclosure as set forth in the appended claims. The specification and drawings are,
accordingly, to be regarded in an illustrative sense rather than a restrictive sense.
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CLAIMS

What is claimed is:

1. A frequency-division duplexing transceiver, comprising:

a first mixer to up-convert a transmit signal;

a first switch, coupled to the first mixer, to selectively provide a transmit local oscillator
signal or a receive local oscillator signal to the first mixer, wherein the transmit local oscillator
signal has a first frequency and the receive local oscillator signal has a second frequency distinct
from the first frequency;

a second mixer to down-convert a receive signal; and

a second switch, coupled to the second mixer, t0 selectively provide the transmit local
oscillator signal or the receive local oscillator signal to the second mixer.

2. The transceiver of claim 1, further comprising a loop-back path to selectively couple

an output of the first mixer to an input of the second mixer.

3. The transceiver of claim 2, wherein the loop-back path comprises a phase shifter.

4, The transceiver of claim 3, wherein the phase shifter comprises a phase shift
element and a switch to selectively bypass the phase shift element.

5. The transceiver of claim 3, wherein the loop-back path further comprises a switch, in
series with the phase shifter, to selectively open or close the loop-back path.

6. The transceiver of claim 1, wherein:

the first switch is to provide the transmit local oscillator signal to the first mixer during a
normal mode and a transmitter calibration mode; and

the second switch is to provide the transmit local oscillator signal to the second mixer
during the transmitter calibration mode.

7. The transceiver of claim 6, wherein:

the first switch is to provide the receive local oscillator signal to the first mixer during a
receiver calibration mode; and

the second switch is to provide the receive local oscillator signal to the second mixer during
the normal mode and the receiver calibration mode.
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8. The transceiver of claim 1, wherein the transmit signal is an in-phase transmit signal,
the transmit local oscillator signal is an in-phase transmit local oscillator signal, and the receive
local oscillator signal is an in-phase receive local oscillator signal, the transceiver further
comprising:

a third mixer to up-convert a quadrature transmit signal;

a third switch, coupled to the third mixer, to selectively provide a quadrature transmit local
oscillator signal or a quadrature receive local oscillator signal to the third mixer, wherein the
quadrature transmit local oscillator signal has the first frequency and the quadrature receive local
oscillator signal has the second frequency;

a fourth mixer to down-convert the receive signal; and

a fourth switch, coupled to the fourth mixer, to selectively provide the quadrature transmit
local oscillator signal or the quadrature receive local oscillator signal to the second mixer.

9. The transceiver of claim 8, wherein:

the first switch is to provide the in-phase transmit local oscillator signal to the first mixer
during a normal mode and a transmitter calibration mode;

the third switch is to provide the quadrature transmit local oscillator signal to the third mixer
during the normal mode and the transmitter calibration mode;

the second switch is to provide the in-phase transmit local oscillator signal to the second
mixer during the transmitter calibration mode; and

the fourth switch is to provide the quadrature transmit local oscillator signal to the fourth

mixer during the transmitter calibration mode.

10.  The transceiver of claim 9, wherein:

the first switch is to provide the in-phase receive local oscillator signal to the first mixer
during a receiver calibration mode;

the third switch is to provide the quadrature receive local oscillator signal to the third mixer
during a receiver calibration mode;

the second switch is to provide the in-phase receive local oscillator signal to the second
mixer during the normal mode and the receiver calibration mode; and

the fourth switch is to provide the quadrature receive local oscillator signal to the fourth

mixer during the normal mode and the receiver calibration mode.

11.  The transceiver of claim 8, further comprising:

a combiner to combine the up-converted in-phase and quadrature transmit signals; and

a loop-back path to selectively couple an output of the combiner to an input of the second
and fourth mixers.
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12.  The transceiver of claim 11, further comprising:
a first amplifier coupled between the combiner and the loop-back path; and
a second amplifier coupled between the loop-back path and the input of the second and

fourth mixers.

13. A method of operating a frequency-division duplexing transceiver, comprising:
in a normal mode:

providing a transmit local oscillator signal to a first mixer to up-convert a transmit
signal, wherein the transmit local oscillator signal has a first frequency, and

providing a receive local oscillator signal to a second mixer to down-convert a
receive signal, wherein the receive local oscillator signal has a second frequency distinct
from the first frequency; and
in a calibration mode, providing either the transmit local oscillator signal or the receive local

oscillator signal to the first and second mixers.

14.  The method of claim 13, further comprising, in the calibration mode, configuring a
loop-back path to couple an output of the first mixer to an input of the second mixer.

15.  The method of claim 14, further comprising, in the calibration mode:
transmitting a signal through the loop-back path; and
phase-shifting the signal in the loop-back path.

16.  The method of claim 14, further comprising, in the calibration mode:

switching a phase-shift element out of the loop-back path;

with the phase-shift element switched out of the loop-back path, transmitting a first signal
through the loop-back path;

switching the phase-shift element into the loop-back path; and

with the phase-shift element switched into the loop-back path, transmitting a second signal

through the loop-back path.

17.  The method of claim 14, further comprising, in the normal mode, opening the loop-
back path to de-couple the output of the first mixer from the input of the second mixer.

18. The method of claim 13, wherein:
the calibration mode is a transmitter calibration mode;
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providing either the transmit local oscillator signal or the receive local oscillator signal to the
first and second mixers in the transmitter calibration mode comprises providing the transmit local
oscillator signal to the first and second mixers; and

the method further comprises providing the receive local oscillator signal to the first and
second mixers in a receiver calibration mode.

19.  The method of claim 13, wherein the transmit signal is an in-phase transmit signal,
the transmit local oscillator signal is an in-phase transmit local oscillator signal, and the receive
local oscillator signal is an in-phase receive local oscillator signal, the method further comprising:

in the normal mode:

providing a quadrature transmit local oscillator signal to a third mixer to up-convert a
quadrature transmit signal, and

providing a quadrature receive local oscillator signal to a fourth mixer to down-
convert the receive signal, wherein the quadrature transmit local oscillator signal has the
first frequency and the quadrature receive local oscillator signal has the second frequency;
and

in the calibration mode, providing either the quadrature transmit local oscillator signal or the
quadrature receive local oscillator signal to the third and fourth mixers.

20. The method of claim 19, wherein:

the calibration mode is a transmitter calibration mode;

providing either the in-phase transmit local oscillator signal or the in-phase receive local
oscillator signal to the first and second mixers in the calibration mode comprises providing the in-
phase transmit local oscillator signal to the first and second mixers; and

providing either the quadrature transmit local oscillator signal or the quadrature receive
local oscillator signal to the third and fourth mixers in the calibration mode comprises providing the
quadrature transmit local oscillator signal to the third and fourth mixers.

21.  The method of claim 19, wherein:

the calibration mode is a receiver calibration mode;

providing either the in-phase transmit local oscillator signal or the in-phase receive local
oscillator signal to the first and second mixers in the calibration mode comprises providing the in-
phase receive local oscillator signal to the first and second mixers; and

providing either the quadrature transmit local oscillator signal or the quadrature receive
local oscillator signal to the third and fourth mixers in the calibration mode comprises providing the
quadrature receive local oscillator signal to the third and fourth mixers.
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22.  The method of claim 19, further comprising, in the calibration mode:

combining outputs of the first and third mixers to generate a first signal and a second signal;

configuring a loop-back path to provide the first and second signals to inputs of the second
and fourth mixers;

switching a phase-shifter out of the loop-back path;

with the phase-shifter switched out of the loop-back path, transmitting the first signal
through the loop-back path to the second and fourth mixers;

switching the phase-shifter into the loop-back path; and

with the phase-shifter switched into the loop-back path, transmitting the second signal
through the loop-back path to the second and fourth mixers.

23. A non-transitory computer-readable storage medium storing instructions, which when
executed by a processor in a communication device comprising a transceiver, cause the
transceiver to:

provide a transmit local oscillator signal to a first mixer to up-convert a transmit signal in a
normal mode, wherein the transmit local oscillator signal has a first frequency;

provide a receive local oscillator signal to a second mixer to down-convert a receive signal
in the normal mode, wherein the receive local oscillator signal has a second frequency distinct
from the first frequency; and

provide either the transmit local oscillator signal or the receive local oscillator signal to the

first and second mixers in a calibration mode.

24. A frequency-division duplexing transceiver, comprising:

a first mixer to up-convert a transmit signal;

a second mixer to down-convert a receive signal,

means for selectively providing a transmit local oscillator signal or a receive local oscillator
signal to the first mixer, wherein the transmit local oscillator signal has a first frequency and the
receive local oscillator signal has a second frequency distinct from the first frequency; and

means for selectively providing the transmit local oscillator signal or the receive local
oscillator signal to the second mixer.
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AMENDED CLAIMS
received by the International Bureau on 25 July 2013 (25.07.2013)

1. A frequency-division duplexing transceiver, comprising:

a first mixer to up-convert a transmit signal;

a first switch, coupled to the first mixer, to selectively provide a transmit local
oscillator signal or a receive local oscillator signal to the first mixer, wherein the transmit
local oscillator signal has a first frequency and the receive local oscillator signal has a
second frequency distinct from the first frequency;

a second mixer to down-convert a receive signal; and

a second switch, coupled to the second mixer, to selectively provide the transmit

local oscillator signal or the receive local oscillator signal to the second mixer.

2. The transceiver of claim 1, further comprising a loop-back path to selectively

couple an output of the first mixer to an input of the second mixer.

3. The transceiver of claim 2, wherein the loop-back path comprises a phase
shifter.

4 The transceiver of claim 3, wherein the phase shifter comprises a phase shift

element and a switch to selectively bypass the phase shift element.

5. The transceiver of claim 3, wherein the loop-back path further comprises a

switch, in series with the phase shifter, to selectively open or close the loop-back path.

6. The transceiver of claim 1, wherein:

the first switch is to provide the transmit local oscillator signal to the first mixer
during a normal mode and a transmitter calibration mode; and

the second switch is to provide the transmit local oscillator signal to the second

mixer during the transmitter calibration mode.

7. The transceiver of claim 6, wherein:
the first switch is to provide the receive local oscillator signal to the first mixer

during a receiver calibration mode; and
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the second switch is to provide the receive local oscillator signal to the second

mixer during the normal mode and the receiver calibration mode.

8. The transceiver of claim 1, wherein the transmit signal is an in-phase
transmit signal, the transmit local oscillator signal is an in-phase transmit local oscillator
signal, and the receive local oscillator signal is an in-phase receive local oscillator signal,
the transceiver further comprising:

a third mixer to up-convert a quadrature transmit signal;

a third switch, coupled to the third mixer, to selectively provide a quadrature
transmit local oscillator signal or a quadrature receive local oscillator signal to the third
mixer, wherein the quadrature transmit local oscillator signal has the first frequency and
the quadrature receive local oscillator signal has the second frequency;

a fourth mixer to down-convert the receive signal; and

a fourth switch, coupled to the fourth mixer, to selectively provide the quadrature
transmit local oscillator signal or the quadrature receive local oscillator signal to the

second mixer.

9. The transceiver of claim 8, wherein:

the first switch is to provide the in-phase transmit local oscillator signal to the first
mixer during a normal mode and a transmitter calibration mode;

the third switch is to provide the quadrature transmit local oscillator signal to the
third mixer during the normal mode and the transmitter calibration mode;

the second switch is to provide the in-phase transmit local oscillator signal to the
second mixer during the transmitter calibration mode; and

the fourth switch is to provide the quadrature transmit local oscillator signal to the

fourth mixer during the transmitter calibration mode.

10.  The transceiver of claim 9, wherein:

the first switch is to provide the in-phase receive local oscillator signal to the first
mixer during a receiver calibration mode;

the third switch is to provide the quadrature receive local oscillator signal to the
third mixer during a receiver calibration mode;

the second switch is to provide the in-phase receive local oscillator signal to the

second mixer during the normal mode and the receiver calibration mode; and

24
AMENDED SHEET (ARTICLE 19)



WO 2013/158173 PCT/US2013/022793

the fourth switch is to provide the quadrature receive local oscillator signal to the

fourth mixer during the normal mode and the receiver calibration mode.

11.  The transceiver of claim 8, further comprising:

a combiner to combine the up-converted in-phase and quadrature transmit signals;
and

a loop-back path to selectively couple an output of the combiner to an input of the

second and fourth mixers.

12.  The transceiver of claim 11, further comprising:
a first amplifier coupled between the combiner and the loop-back path; and
a second amplifier coupled between the loop-back path and the input of the second

and fourth mixers.

13. A method of operating a frequency-division duplexing transceiver,
compirising:
in a normal mode:
providing a transmit local oscillator signal to a first mixer to up-convert a
transmit signal, wherein the transmit local oscillator signal has a first frequency, and
providing a receive local oscillator signal to a second mixer to down-convert
a receive signal, wherein the receive local oscillator signal has a second frequency
distinct from the first frequency; and
in a calibration mode, providing either the transmit local oscillator signal or the

receive local oscillator signal to both the first mixer and the second mixer.

14.  The method of claim 13, further comprising, in the calibration mode,
configuring a loop-back path to couple an output of the first mixer to an input of the second

mixer.

15.  The method of claim 14, further comprising, in the calibration mode:
transmitting a signal through the loop-back path; and

phase-shifting the signal in the loop-back path.
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16.  The method of claim 14, further comprising, in the calibration mode:

switching a phase-shift element out of the loop-back path;

with the phase-shift element switched out of the loop-back path, transmitting a first
signal through the loop-back path;

switching the phase-shift element into the loop-back path; and

with the phase-shift element switched into the loop-back path, transmitting a

second signal through the loop-back path.

17.  The method of claim 14, further comprising, in the normal mode, opening the
loop-back path to de-couple the output of the first mixer from the input of the second

mixer.

18. The method of claim 13, wherein:

the calibration mode is a transmitter calibration mode;

providing either the transmit local oscillator signal or the receive local oscillator
signal to the first and second mixers in the transmitter calibration mode comprises
providing the transmit local oscillator signal to the first and second mixers; and

the method further comprises providing the receive local oscillator signal to the first

and second mixers in a receiver calibration mode.

19.  The method of claim 13, wherein the transmit signal is an in-phase transmit
signal, the transmit local oscillator signal is an in-phase transmit local oscillator signal, and
the receive local oscillator signal is an in-phase receive local oscillator signal, the method
further comprising:

in the normal mode:

providing a quadrature transmit local oscillator signal to a third mixer to up-
convert a quadrature transmit signal, and

providing a quadrature receive local oscillator signal to a fourth mixer to
down-convert the receive signal, wherein the quadrature transmit local oscillator
signal has the first frequency and the quadrature receive local oscillator signal has
the second frequency; and

in the calibration mode, providing either the quadrature transmit local oscillator

signal or the quadrature receive local oscillator signal to the third and fourth mixers.
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20. The method of claim 19, wherein:

the calibration mode is a transmitter calibration mode;

providing either the in-phase transmit local oscillator signal or the in-phase receive
local oscillator signal to the first and second mixers in the calibration mode comprises
providing the in-phase transmit local oscillator signal to the first and second mixers; and

providing either the quadrature transmit local oscillator signal or the quadrature
receive local oscillator signal to the third and fourth mixers in the calibration mode
comprises providing the quadrature transmit local oscillator signal to the third and fourth

mixers.

21.  The method of claim 19, wherein:

the calibration mode is a receiver calibration mode;

providing either the in-phase transmit local oscillator signal or the in-phase receive
local oscillator signal to the first and second mixers in the calibration mode comprises
providing the in-phase receive local oscillator signal to the first and second mixers; and

providing either the quadrature transmit local oscillator signal or the quadrature
receive local oscillator signal to the third and fourth mixers in the calibration mode
comprises providing the quadrature receive local oscillator signal to the third and fourth

mixers.

22.  The method of claim 19, further comprising, in the calibration mode:

combining outputs of the first and third mixers to generate a first signal and a
second signal;

configuring a loop-back path to provide the first and second signals to inputs of the
second and fourth mixers;

switching a phase-shifter out of the loop-back path;

with the phase-shifter switched out of the loop-back path, transmitting the first
signal through the loop-back path to the second and fourth mixers;

switching the phase-shifter into the loop-back path; and

with the phase-shifter switched into the loop-back path, transmitting the second

signal through the loop-back path to the second and fourth mixers.
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23. A non-transitory computer-readable storage medium storing instructions,
which when executed by a processor in a communication device comprising a transceiver,
cause the transceiver to:

provide a transmit local oscillator signal to a first mixer to up-convert a transmit
signal in a normal mode, wherein the transmit local oscillator signal has a first frequency;

provide a receive local oscillator signal to a second mixer to down-convert a receive
signal in the normal mode, wherein the receive local oscillator signal has a second
frequency distinct from the first frequency; and

provide either the transmit local oscillator signal or the receive local oscillator signal

to both the first mixer and the second mixer in a calibration mode.

24. A frequency-division duplexing transceiver, comprising:

a first mixer to up-convert a transmit signal;

a second mixer to down-convert a receive signal;

means for selectively providing a transmit local oscillator signal or a receive local
oscillator signal to the first mixer, wherein the transmit local oscillator signal has a first
frequency and the receive local oscillator signal has a second frequency distinct from the
first frequency; and

means for selectively providing the transmit local oscillator signal or the receive

local oscillator signal to the second mixer.
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Normal Mode:

Frovide a first ransmit local oscillator signal (e.g., LO{hry) to & first mixer to up-
convert a transmit signal. The first transmit local oscillator signal has a first
frequency. (802)

Provide a second transmit local oscillator signal (e.q., LO{Q)ry) having the |
first frequency 1o a third mixer (o up-convert a fransmit signal. (504) |

Provide a first receive local oscillator signal {e.g., LO{Drx) 1o a second mixer (o
down-convert a receive signal. The first receive local oscillator signal has a
second frequency distinet from the first frequency. (508}

Frovide a second receive local oscillator signal (e.g., LO{Q)rx) having the |
| second frequency o a fourth mixer to up-convert g fransmit signal. (808} |

Open the loop-back path to de-couple the cutput of the first (and third) mixer
from the input of the second (and fourth) mixer. (510)

e e T T T T T 1 “““““““““

Frovide either the first transmit local oscillator signal {e.g., LO{}mx) or the first
receive local oscillator signal (e.g., LO{Irx) to the first and second mixers,
(512}

| Provide either the second transmit local oscillator signal {(8.g., LO({Q)rx) or |

I the second receive local oscillator signal (2.g., LO{Q)ry) o the third and |
L fourth mixers. {514) |

Configure the loop-back path {o couple the cutput of the first (and third) mixer to
the input of the second (and fourth) mixer. (§18)

!

Transmit a first signal through the loop-back path. (518)

Y

Transmit a second signal through the loop-hack path. Infroduce a phase shift
into the second signal. (820)

FIG. 5



WO 2013/158173 PCT/US2013/022793

8/8
60{}'\‘
803
801 605
PROCESSOR [/ > (}:{> NETWORK
UNIT \ INTERFAGE
100
BUS
607
A (“:{) TRANSCEIVER

MEMORY UNIT

|

Q2 MISMATCH |
CALIBRATION SW | f——

|

|

|
|
|
: 610
|

FIG. 6



INTERNATIONAL SEARCH REPORT

International application No

PCT/US2013/022793

A. CLASSIFICATION OF SUBJECT MATTER

INV. HO4B1/50 HO4B17/00
ADD.

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

HO4B

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

EPO-Internal, WPI Data

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™ | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

A US 2005/069056 Al (WILLINGHAM SCOTT D 1-24
[US]) 31 March 2005 (2005-03-31)
paragraph [0011] - paragraph [0012]
paragraph [0018] - paragraph [0023];
figure 1

paragraph [0051] - paragraph [0052];
figure 4

X US 2007/099570 Al (GAO LI [US] ET AL)
3 May 2007 (2007-05-03)

A paragraph [0031] - paragraph [0044];
figure 1

13-23
1-12,24

A US 2011/128992 Al (MAEDA KOJI [JP] ET AL) 1-24
2 June 2011 (2011-06-02)

paragraph [0131] - paragraph [0136];
figures 4,15,16

See patent family annex.

D Further documents are listed in the continuation of Box C.

* Special categories of cited documents : . . . . L
"T" later document published after the international filing date or priority

date and not in conflict with the application but cited to understand

"A" document defining the general state of the art which is not considered the principle or theory underlying the invention

to be of particular relevance

"E" earlier application or patent but published on or after the international

- "X" document of particular relevance; the claimed invention cannot be
filing date

considered novel or cannot be considered to involve an inventive

"L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
the priority date claimed

step when the document is taken alone

"Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search

30 April 2013

Date of mailing of the international search report

10/05/2013

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Marques, Gabriela

Form PCT/ISA/210 (second sheet) (April 2005)




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/US2013/022793
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 2005069056 Al 31-03-2005 AT 436117 T 15-07-2009
EP 1671417 Al 21-06-2006
US 2005069056 Al 31-03-2005
WO 2005034336 Al 14-04-2005
US 2007099570 Al 03-05-2007  NONE
US 2011128992 Al 02-06-2011 CN 102163981 A 24-08-2011
JP 2011114752 A 09-06-2011
US 2011128992 Al 02-06-2011

Form PCT/ISA/210 (patent family annex) (April 2005)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - claims
	Page 20 - claims
	Page 21 - claims
	Page 22 - claims
	Page 23 - claims
	Page 24 - amend-body
	Page 25 - amend-body
	Page 26 - amend-body
	Page 27 - amend-body
	Page 28 - amend-body
	Page 29 - amend-body
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - wo-search-report
	Page 39 - wo-search-report

