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Calibration of Phase and Gain Mismatches
in Weaver Image-Reject Receiver

Mostafa A. I. Elmala, Member, IEEE, and Sherif H. K. Embabi, Fellow, IEEE

Abstract—A modified image-reject Weaver architecture is
presented. The design automatically calibrates for phase and gain
mismatches that limit the performance of image-reject receivers.
On-line or off-line calibrations are possible without using any
calibrating tone. An experimental CMOS prototype RF front-end
operating at 1.8 GHz achieves an image rejection ratio of 59 dB
using on-line calibration. The design was fabricated in a 0.35-pm
CMOS process and dissipates 160 mW from a 3-V supply during
on-line calibration, and 95 mW during normal receiving. The die
area is 4 mm?2.

Index Terms—CMOS REF circuits, gain mismatch, image-reject
receiver, phase mismatch, receiver calibration, Weaver architec-
ture.

1. INTRODUCTION

HE image-reject receiver is an architecture that passes the
signal of interest and rejects the image signal, therefore,
it is a good choice for receiver integration as there is no need
ideally for an image-reject filter. Moreover, power consumption
can be greatly reduced because there is no need to drive a low
input impedance off-chip passive filter. Another advantage is
that the choice of the IF frequency can be very low because
the performance of image rejection does not depend on IF as
in heterodyne receivers. Therefore, selectivity is sufficient with
integrated filters with a quality factor Q in the range of 10-20.
Typical image-reject receivers are Weaver and Hartley archi-
tectures. Due to mismatches between the two signal paths in
these architectures, the image reject ratio (IRR) is limited to
around 30—40 dB for 1-5° phase mismatch or 0.2—-0.6 dB gain
mismatch [1]. For example, the conventional RC-CR network
used in Hartley architecture is based on achieving 90° phase
difference between a pole and a zero with the same cutoff fre-
quency. Due to its asymmetric structure, the phase accuracy of
the RC-CR quadrature generator network is small. Only with
tuning and trimming can its phase error be made lower than
1°. Also, equal gain is achieved only at w = (1/(RC)), and
therefore, gain error occurs at frequencies relatively far from
this frequency. Therefore, the IRR is limited, and the ampli-
tude and phase errors are highly sensitive to absolute variation
of the R and C values. This will put a restriction on the system
specifications by attenuating the image signal using an off-chip
image-reject filter preceding the mixer stage. Other image-re-
ject techniques include single and double quadrature downcon-

Manuscript received March 20, 2003; revised September 3, 2003.

M. A.I. Elmala was with Texas A&M University, College Station, TX 77843
USA. He is now with Intel Corporation, Hillsboro, OR 97124 USA (e-mail:
mostafa.a.elmala@intel.com).

S. H. K. Embabi is with Texas Instruments, Inc., Dallas, TX 75243 USA.

Digital Object Identifier 10.1109/JSSC.2003.821779

version, which depend on using polyphase filters to reject the
image signal [2]-[5]. For low-IF receivers, the required R and C
values are large and require a large die area.

To achieve complete receiver integration on-chip, especially
for the RF part, improved and innovative architectures are
needed. Special dedicated tone (at image frequency) can be
used in calibrating the receiver for these mismatches. Periodic
calibration with the external image tone is needed [6]. This
property restricts its applications on systems like time-division
multiple-access (TDMA). Digitally storing the calibration co-
efficients solves the problem of periodic calibration, however,
an external image tone is still needed in the calibration [7].

In this modified Weaver receiver, phase and gain mismatches
are independently calibrated without the use of any external
calibrating tones. Calibration can be done continuously on-line
with some restrictions, or only one time to generate the cor-
rection signals and storing them digitally. In Section II, the re-
ceiver architecture and the calibration system are analyzed. Sec-
tion III explains the circuit design in CMOS technology of each
building block. Some nonideal issues that affect the calibration
accuracy are discussed in Section IV. Experimental measure-
ments results are reported in Section V.

II. RECEIVER ARCHITECTURE
A. Modeling of Phase and Gain Mismatches

Fig. 1 shows the Weaver image-reject receiver together with
extra multiplication blocks required to generate phase and gain
error signals. In order to calibrate for the mismatches in the ar-
chitecture, phase and gain mismatches are distributed in a sym-
metric way to simplify the analysis [8]. The phase mismatches
of the architecture are distributed as 6, and 6> for the first and
second local oscillator (LO), respectively. Similarly, the gain
mismatches are distributed as AA; and A A, for each LO. The
output of this architecture for an image tone cos(wn\t) can be
calculated by tracking the signals at the outputs of the filters and
IF mixers as shown in Equations (1-2), where wpy = w1 —wa £
UJIF,A = A1A2./ 0= 01 + 92, and AA = AAlAg + AAQAI.
On the other hand, the output of the architecture to RF tones,
WRF = w1 + w2 T wrF, is given by Equation (3). A simple LC
notch filter can remove one of the RF tones before being intro-
duced at the input of the architecture, thus a single desired RF
channel passes through the architecture.

B. Calibrating System

The IRR is a function of the phase mismatch # and the gain
mismatch A A. The values of mismatches need to be very small
to achieve an acceptable IRR without the necessity of using
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Fig. 1. Modeling and generating error signals in Weaver architecture.

an off-chip image-reject filter. A calibrating system is required
to calibrate for these mismatches. This system generates two
control signals to correct for both phase and gain mismatches
using a variable delay-gain circuit in two independent calibra-
tion loops. The loops adjust 63 and A A5 until both § and AA
settle to zero. In this case, the output signal in (2) due to the
image signal will be zero.

The calibrating system is shown in Fig. 2, where the LO sig-
nals a; ...a4 are processed to obtain two error signals related
to the phase and gain mismatches. Two amplifiers with a high
gain G amplify the error signals, represented as Vp and V, in a
closed-loop system to obtain two correction signals, represented
as Vg and V_ . The high output impedance of the amplifier cir-
cuit with a load capacitance at the output creates a dominant
pole and acts as a low-pass filter (LPF) for the error signals.
The correction signals are fed back to a variable delay-gain cir-

ML

cuit to adjust the phase and gain mismatches of the second LO
quadrature outputs, thus, completing the closed loops. The two
high-gain amplifiers in this system force the final values of the
error signals inside the loop to be zero, which guarantees almost
ideal image rejection performance.

The phase and gain error signals are extracted from the re-
ceiver as shown in Fig. 1. Two extra multipliers are used in gen-
erating the signals b; ... by, which contains information about
the phase and gain mismatches in the receiver. Another two extra
multipliers are used in processing the signals b; ...by to ob-
tain the phase and gain error signals Vy and V. The calibrating
system and the error signals generation system depend on mul-
tiplying the first and second LO signals to obtain the signals
b1 ... by. Therefore, the RF mixers outputs must contain a com-
ponent for the first LO quadrature signals. This can be achieved
by using single-balanced design for the RF mixers.

XA(t) = % (Al + i%l) sin((w1 — wIM)t + 9971)

XB(t): §(A1_ él)COS((wl—wIM)t—%) )

Xe(t) = & (Ar + 28) (Ay-+ 222 cos (wret - ) & § (4 + 3) cos (wret - )

Xp(t) = § (A1 — 28) (4 — 222) cos (wrrt + 2) = £ (4~ 34) cos (wrrt + )
1 AA 0 AA 0

Xout(t) = Z <<A — T) COS <(UIFt + 5) — (A + 7) COS (LLIIFt — 5)) (2)
1 AA 0 AA 0

Xout(t) = Z (<A — 7) COs <(AJIFt + 5) + (A + 7) COS <(4)1Ft — 5)) . (3)
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Fig. 2. Phase and gain calibrating system.

Neglecting the effect of the low-pass filters and assuming a
zero input to the system for simplicity in the analysis (by dis-
connecting the low-noise amplifier (LNA) output from the RF
mixers inputs), these signals can be written as shown in Equa-
tion (4). An error signal proportional to the phase mismatch 6
is obtained by multiplying (bsy — b1) by (b2 — b3) and low-pass
filtering the output. This can be written as

Vy = LPF((bs — b1)(by — b3))
1
= LPF(b1bs — biby + baba — babs) = —3 40, (5)

Similarly, an error signal proportional to the gain mismatch A A
is obtained by multiplying (by — b1) by (bs + b1) and low-pass
filtering the output. The corresponding equation is

Va = LPF((by — by)(bs + b1))
=LPF(b; —b3) = —%AAA. (6)

These expressions are assumed for the off-line calibration case
(Arr = 0). In this case, a switch disconnects the LNA from
the mixer input and calibration is to be done independent of the
input signal.

Another calibration mode is to calibrate on-line. Assuming
an RF signal Ary cos(wrrt), it can be shown that the corre-
sponding error signals can be written as

1 A2

Vp = _5/129 (1 + %) (7)
1 A?

Va = —EAAA <1 + %) . )

Thus, for small input signals (e.g., less than —25 dBm), the error
signals can be approximated to the off-line case.

C. Self-Calibrated Architecture

According to the above analysis, the signal V.4 can be used
in a closed calibration loop to adjust the phase mismatch of the
quadrature outputs from L.O, using a variable delay circuit until

approaches zero. The actual implementation of the image-reject
architecture with compensation signals generation is shown in
Fig. 3. In this implementation, we used four extra multipliers
(ML to ML3) and two amplifiers to correct for mismatches.
The two high gain amplifiers force § and A A to settle down to a
zero reference value. Phase and gain compensation can be done
in two different ways:

1) In the slots of time where the mixer is not in receiving
mode (off-line), as in TDMA systems, a dc input (normal
bias) is applied to the mixer input using a switch to dis-
connect the RF input. This will generate all the required
control signals using (5) and (6). The compensation
signals are stored on capacitors to compensate for the
mismatches when the mixer is in receiving mode. This
means that no power consumption or noise addition
will be added in receiving mode (except of those of
the variable delay and gain circuits). Also, calibration
can be done one-time and the correction signals are
stored digitally. In both cases, the calibration loops are
independent of the input RF signal.

2) Calibration is done all the time (on-line) by closing the
switches in Fig. 3. In this case, the control signals are
generated according to (7) and (8). For small input RF
power, these equations can be approximated to (5) and

(©).

III. CIrRCUIT IMPLEMENTATION

The design is differential, including mixers, LPFs, a variable
delay-gain circuit, and amplifiers. Addition and subtraction are
implemented by adding or subtracting currents, which can be
done in the multipliers implicitly by cross-coupling differential
output branches. In the following, a description of each building
circuit is presented.

A. Variable Delay-Gain Circuit

The phase and gain correction signals are applied to the vari-
able delay-gain circuit shown in Fig. 4. The output of the circuit
is a combination of two paths from the input with different de-
lays. The transfer function of this circuit can be calculated using
superposition to be

1 Im1gms
Vo(s) . 570 ( glms - gmo) )
V—i (8) m34LL s+ gchOO

where g,,,; is the transconductance of transistor pair M;. At the
special case of ¢,, = gm3 = gm2 and g;1 = 2gmo, (9) becomes
an all-pass filter transfer function in the following form:

6 approaches zero. Similarly, the signal V.a can be used in ad- Vo(s) _ gm R, ey (10)
justing the gain of the quadrature outputs from LLOs until AA Vin(s) s 4 g
bl L (A4 AAAALA) (005 (W) — wo)t + 592) — cos ((wy + wa)t + 8522))
b2 ~ _% (A _ M) (Sm ((w1 —wy)t — 91;92) — sin ((w1 + wo)t — —91;02)) (4)
1 % § (A S48 80) sin (0 = w2)i + %52) s (w1 +w2)t + 25%2)
bdn L (A— AAAFRAN (cos ((wy — wo)t — BEI2) 4 cos ((wi + wo)t — 25%2))
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Fig. 4. Variable delay-gain circuit.

The phase correction signal adjusts the pole and zero locations
by changing the value of g,,0, while the gain control signal
adjusts the dc gain of the filter by changing the value of g,,,
without interfering with each other. This feature makes it pos-
sible for simultaneous phase and gain calibration.

B. LNA and RF Mixer Circuits

To have a complete RF front-end and get a better under-
standing about how much the architecture can correct the IRR
in a receiver front-end, we used the cascode LNA and RF mixer
circuits shown in Fig. 5. The LNA has a good isolation between
the input and output ports, and can achieve a high gain. The LNA

load resonates at the desired frequency range and attenuates the
image frequency by few decibels.

The RF mixer is a single-balanced circuit. The LO; input
signal to the mixer is a large amplitude sinusoid. The RF signal
is coupled to the gates of the transconductance transistors
through a coupling capacitor. Using large-amplitude LO signals
help reduce the noise contribution of the switching transistors.

The input transconductance transistor converts the input RF
voltage signal into a current which is switched differentially by
the LO signals. The IF current is converted back into a voltage
signal through the load resistors Ry. The switching operation
is equivalent to multiplying the RF current by a square-wave
signal S(t) toggling between —1 and 1. The signal S(t) can be
written as a summation of its harmonics as

4 4
S(t) = — cos(wrot) + — cos(3wrot)
s 3T

4
+ — cos(bwrot) + - - -

0 an

For single-balanced topology, the output IF current can be
written as

Irr = (Iias + gmVRF)S(1). (12)

Due to Ip;as term, the output of a single-balanced mixer has a
component for the LO signal, which is used in the calibration
loops.
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Fig. 5. LNA and RF mixer circuits.

C. IF Multiplier Circuit

Transconductance multipliers can be implemented in dif-
ferent ways [9]. The IF multipliers and all other multipliers
used in the calibration loops are implemented using the circuit
shown in Fig. 6. This circuit was reported in [10] as an im-
plementation for an RF multiplier circuit, and therefore it is a
suitable implementation for the IF multipliers. The idea is to
use six combiner circuits to implement a multiplier function.
Each combiner circuit composes of two transistors connected
together at their drains and loaded with a resistor. The output
voltage of the multiplier circuit can be expressed as

vy = —32RRGKKGH(X = Vr)(Y = Vr)zy  (13)
where K is the transconductance parameter, z and y are the
input signals to the multiplier, and X and Y are their dc voltage
levels. The derivation of (13) is based on the assumption of
perfect square-law MOSFET characteristics and completely
matched devices. However, nonideal effects such as mobility
degradation and channel length modulation effects and device
mismatches due to process variations introduce extra higher

order terms in the multiplication function and are analyzed in
[10].

D. Amplifier Circuit

The amplifiers used in the calibration loops are implemented
as folded cascode circuit, which is characterized by its high
gain and large output impedance. A load capacitance of 15 pF
is added at each output node. The derivation of the phase and
gain error signals in (7) and (8) is based on the assumption of
low-pass filtering the corresponding multiplication terms. The
folded cascode circuit with its high output impedance acts as an
LPF and stabilizes the two closed loops.

IV. NONIDEAL EFFECTS

Some nonideal effects need to be considered in order to
achieve good image rejection performance. One factor that
determines the accuracy of calibration is the offset of the
amplifier circuit in each calibration loop. In this case, a design
with offset cancellation technique is preferred. As an example,
for an offset of 5 mV, closed-loop gain of 10, and assuming
that the variable delay-gain circuit corrects for 1°/0.1 V of
phase calibration, then a phase error of 0.5° is caused by the

Fig. 6.

IF multiplier circuit.

amplifier offset. Similar calculations can be done for the effect
on gain calibration.
The mismatches are dependent on the following factors:

1) Actual RC process variations of the 90° phase-shift pas-
sive network used in generating quadrature local oscilla-
tors.

2) RF mixer mismatches.

3) LPF mismatches.

4) IF multiplier mismatches.

In the architecture of Fig. 3, we neglect the effect of the last
factor. This is justified by noting that the IF multipliers are op-
erating at much lower frequency than the RF mixer. However,
this effect can be minimized by proper layout techniques if the
layout, of the two multipliers of the main receiver path, is re-
peated as one block for multipliers ML, and MLj3 of the cali-
bration loops. In this case, the relative mismatches for each pair
of IF multipliers are approximately the same. This means that
the mismatch of these two extra multipliers is correlated with the
mismatch of the multipliers in the main receiver path. To math-
ematically model this correlation, let us assume that the phase
mismatch of the multipliers ML, and MLg3 equals to

0_2 = 04002 + (]- - ac)HZuc (14)
where «.. is the correlation factor between 05 and 65, and 05,
is the uncorrelated part of f; with #,. By performing the same
analysis procedure, we can derive the following phase error
signal:

5 15)

1 1 c 1 - c
Vo= 5 A2 (64 %0, 1 =%, )|
2 2
Thus, the closed loop will adjust Vy to approach zero when

2 1—a.
1—{—(161 1+ a.

Oy = (16)

2uc
and the compensation will correct #5 according to (16). If a. =
1, then there is a complete correlation between the phase mis-
matches of the multipliers and the compensation will be com-
pletely correct. A similar analysis can be done for the gain mis-
match.

To minimize the sensitivity of the calibration loops and main-
tain a constant large image rejection performance (especially for
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on-line calibration), the variable delay-gain circuit should be de-
signed to correct small phase and gain mismatches by relatively
large correction signals. Also, the interaction between the phase
and gain correction loops should be minimized to reduce the
sensitivity of the circuit. Possible solutions are to correct for part
of the gain of the 1.O5 signals or correct the gain in the main re-
ceiver path and correct only the phase of the LO; signals.

V. MEASUREMENT RESULTS

To prove the analysis and the calibration idea of the phase
and gain mismatches, the self-calibrated Weaver receiver was
implemented in a 0.35-ym CMOS technology. The circuit was
tested with a 3-V supply. The first and second LO frequencies
were 1.6 GHz and 200 MHz, respectively. The choice of the IF
frequency is optional, as the output is not sensitive to it. The de-
sired RF signal was around 1.8 GHz, while its image signal was
around 1.4 GHz. IRR performance was measured by applying a
desired tone and an image tone of equal power and measuring
the difference between their powers at the output.

Typical phase and gain mismatches limit the achievable IRR
to 26 dB without calibration, as shown in Fig. 7. In this mea-
surement, the two signals are slightly shifted for measurement
purpose. After enabling on-line calibration, the same test was
repeated as shown in Fig. 8, where the IRR improved to 59 dB.
Fig. 9 shows the IRR performance as a function of LO; fre-
quency, for a fixed IF output frequency. The decrease in IRR for
frequencies away from the calibration point (LO; = 1.6 GHz)
is due to the nonideal effects discussed in Section I'V.

The dynamic range of the input RF signal can vary widely.
On-line calibration is valid for RF input power below —25 dBm
at the LNA input. Above this value, the IRR decreases rapidly.
If the calibration is to be done only one time and the correction
signals are to be stored digitally, then the IRR will not depend
on the input power level. The measured input 1-dB compres-
sion point is —15 dBm. The receiver consumes 160 mW during
on-line calibration and 95 mW during normal receiving.

A comparison between this technique and two calibration
loops based techniques is shown in Table I. Unlike the other
techniques, this design does not need a calibrating tone, and it
can calibrate both on-line and off-line. The power consumption
of this design is between those reported in [6] and [7]. The IF
multipliers consume a large section of the total power. A sum-
mary of the measurements of the fabricated image-reject re-
ceiver is shown in Table II. The 2 x 2 mm? chip die micrograph
is shown in Fig. 10.

VI. CONCLUSION

A self-calibrated image-reject receiver has been introduced.
More integration on-chip can be achieved as the architecture
is designed to be insensitive to mismatches, and the off-chip
image-reject filter can be removed. Independent phase and gain
calibrations for Weaver image-reject receiver were presented.
The main advantage of this design over other reported tech-
niques is the possibility of calibrating the receiver on-line and
without using an image tone for calibration. An experimental
prototype in a 0.35-um CMOS process indicates an improve-
ment in the measured IRR from 26 to 59 dB before and after cal-
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A COMPARISON BETWEEN CLO’?}?E—EEOL CALIBRATION TECHNIQUES FOR
MISMATCHES
Parameter Ref. [6] Ref. [7] This work
Technology 0.35um CMOS 0.25um CMOS 0.35um CMOS
Supply voltage 3V 2.5V 3v
Power consumption 105mW 50mwW 95mW
(normal reception)
Power consumption 170mW 55mW 160mW
(calibration)
Phase calibration N N
Gain calibration N N N
Calibrating tone N N
Off-line calibration N N N
On-line calibration N
TABLE 1II
SUMMARY OF THE RECEIVER MEASUREMENTS
Parameter Measurement
LO; frequency 1.6GHz
LO; frequency 200MHz
RF frequency Around 1.8GHz

Image frequency Around 1.4GHz

IRR (before calibration) 26dB
IRR (after calibration) 59dB
Input 1dB compression point -15dBm
Supply voltage 3V
Power consumption 95mW

I |
i i
IVultipliers iF
LNAT Mulfipliers
i =t
(. Wariable, |

Lj . Drel:
=
==}

Fig. 10. Die photo of the self-calibrated Weaver receiver.

ibration. Thus, the main problem associated with the image-re-
jection receiver can be solved using this technique.
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