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Abstract

A Class AB downconversion mixer for 2.4 GHz wire-
less LAN applications is presented. The circuit is imple-
mented in a 13 GHz fr BiCMOS process, and consumes
7.9 mA total current from a 3V supply. A single-balanced
design using bond-wire degeneration in the common-emitter
driver stage 1s optimal for power consumption and noise fig-
ure. The design has a power gain of 4.5 dB, a single-side-
band noise figure of 10 dB, an input third-order intercept
point of 1dBm, and an input 1dB compression point of
-7.5 dBm.

Introduction
The rapid growth of wireless communication services
has now been extended to higher frequencies such as the
2.4 GHz band. Together with the demand for low cost and
low power, this increase in frequency presents a challenge to
RF circuit designers to find low-cost solutions for the real-
ization of high-frequency receivers using plastic packages
and high-volume silicon technologies.

Downconversion mixers, which convert radio frequency
(RF) signals to an intermediate frequency (IF), are very
important building blocks within a radio system. Their per-
formance affects the performance of the entire system and
the performance requirements of other building blocks. For
instance, a mixer with low noise figure (NF) reduces the gain
requirement of the low-noise amplifier (LNA). A mixer with
appropriate power gain reduces the noise contribution from
the intermediate-frequency (IF) stage. A mixer which
requires a low local oscillator (LO) drive reduces the power
consumption of the LO.

In this paper, a new class AB downconversion mixer for
2.4 GHz wireless LAN applications is presented. The design
philosophy used to achieve simultancous low noise figure
and high linearity is described, and measurement results on
an experimental circuit are presented.

Circuit Design
The basic topology of the mixer is shown in Fig. 1. It
comprises a common- emitter driver stage (Qy) and a differ-

ential switching pair (Q, and Q3). The driver stage amplifies
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Fig. 1. Class AB Mixer

the radio frequency (RF) signal to compensate for the attenu-
ation due to the switching process, and to reduce the noise
contribution from the switching pair. The switching pair per-
forms the mixing process, which converts the RF signal
down to the IF.

The linearity of the common-emitter driver stage is
increased by the use of degeneration provided by the bond-
wire inductor L. In contrast to resistive degeneration, induc-
tive degeneration does not contribute an additional source of
noise. To reduce the noise contribution from Q, a large

device with small base resistance (r,) is used. However, the

increase in collector-base junction capacitance (C

w
decreases linearity, and increases feedback from collector to
base (this reduces gain and makes impedance matching diffi-
cult). The gain of the driver stage should be maximized (by

minimizing the bond-wire inductance of L.) to reduce the

noise contribution from the switching pair. However, the
impedance matching requirement sets a lower limit on the
value of the degeneration inductance. The impedance look-
ing into the base of Q is
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where C,, is the total base-emitter capacitance. This equation
neglects the effect of Cy,. The (2nfyL, +1p,) term should be
made large enough for impedance matching. The imaginary
part of this equation is cancelled by the bond wire L; in
series with the external blocking capacitor C.

Capacitor C, is a bypass capacitor used to prevent noise
of the bias circuit from entering the base of Q. It also helps
to stabilize the bias circuit. Although C, does not filter the
noise from Qy, the noise contribution from Q, is small since
it is attenuated by the impedance divider network formed by
the resistor R and the impedance looking into the base of Q;
in parallel with the source resistance of the RF input. Resis-
tor Ry contributes little noise since the impedance at node X
is high. It is undesirable to place a bypass capacitor at the
emitter of Q4 (node X) because although this capacitor can
filter noise from the bias circuit, the noise contribution from
R becomes significant (increase noise figure of the mixer by
1.2 dB) due to low impedance at node X.

Without resistive feedback, the common-emitter driver
stage also exhibits a class AB behavior [1]. This phenome-
non is due to the nonlinear collector current (I-) versus base-
emitter voltage (Vgg) characteristics of the bipolar transistor.
If the output current of the driver stage is represented as

Ly = Ig+Ijcosmt+Icos2mt + Iyeos3wt+ ... (2)
where I, is the amplitude of the n’th harmonic, I is the aver-
age current and Ijcoswt is the desired signal current. In a
class A design, the average current (Ip) is the same as the
bias current used in the design, and the signal current ampli-
tude (I;) has to be smaller than the bias current. As a result,
input 1 dB compression point (P14g) and gain requirements
set a lower limit on the bias current. On the other hand, the
signal current amplitude (I;) in a class AB design can
increase beyond the bias current. Fig. 2 shows the simulated
signal current amplitude (I1) and the average current (Iy) of
the class AB driver stage (biased at a collector current of
4 mA) as a function of RF input power. The increase in sig-
nal current and average current beyond the bias current is
due to the nonlinearity of the device. Using the class AB
behavior, a lower bias current can be used to meet the input
P, 4p requirement. Simulation shows that the driver stage has
an input Py4p of 0 dBm. Since the signal current amplitude
(I;) is larger than the average current (Iy) at large input

power, class AB design is also more efficient than class A
design in the presence of large input signals.
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Fig. 2. Simulated Driver Output Currents versus Input Power

The presence of DC (resistive) feedback in the common-
emitter driver stage can suppresses the class AB behavior. To
avoid gain compression due to the DC feedback, resistors R
and the resistance at the emitter of Q; should be minimized.
However, Ry should be large enough to attenuate the noise
contribution from the bias circuit. A resistance value of
20042 is used for R) as a compromise between noise figure
and P 4.

The nonlinear behavior of this mixer is dominated by
that of the switching pair (Q, and Q3) because the pair can-
not be switched very rapidly due to large values of C,. On
the other hand, the linearity of the common-emitter driver
stage increases as device forward transit time (tg) and RF

signal frequency increase since the device becomes more
current driven.

The switching pair (Q, and Q) should be driven by a
large LO signal to minimize its noise contribution. The
switching pair contributes noise to the mixer output when
both transistors (Q, and Q3) are on [2], and a large LO signal
is needed to reduce the duration of this condition. Fig. 3
shows the simulated noise figure (NF) of the mixer (LO
buffer is not included) as a function of differential LO ampli-
taude. However, a very large LO signal results in excessive
current being pumped into the common emitter point of the
switching pair through the base-emitter junction capacitance
(Cie), and thus generates additional nonlinearity [2]. Fig. 4
shows the simulated input third-order intercept point (IP3) of
the mixer as a function of differential LO amplitude. For the
same reason, the device sizes should be kept small to reduce
the Cje. On the other hand, reasonably large devices should
be used fo reduce the ry, noise contribution and the voltage

drop across r,. Excessive voltage drop across ry, reduces the
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Fig. 3. Simulated Mixer Noise Figure versus LO Amplitude
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Fig. 4. Simulated Mixer Input IP; versus LO Amplitude

effective amplitude of the LO signal switching the devices.
Large LO amplitudes also increase power consumption and
LO feedthrough, as well as decreasing head room at the col-
lectors of Q, and Qs. Considering the trade-off among noise

figure, linearity and power .consumption, a differential LO
amplitude of -8 dBV is used in this design.

Single-balanced mixers do not reject noise from the
driver stage at the IF. When one transistor of the switching
pair (Q, and Q) is on, the mixer functions as a cascode
amplifier. Noise from the driver stage at the IF can
feedthrough to the IF outputs. Since the driver stage has high
gain at the IF (due to the inductive degeneration), the output
noise of the mixer would increase significantly if a single-
ended output were taken. This common-mode noise can be
suppressed by either taking the IF outputs differentially or
performing single-ended to differential conversion. Since

most IF filters are single-ended, the current combiner net-
work [3] shown in Fig. 5 is used to perform the differential to
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Fig. 5. Current Combiner Network

single-ended conversion. C; and L; resonate partially

-1
(2m /2L3C3) = IF) and reverse the phase of IF- so that

it can added in phase to IF+. C, (=C3) is used to cancel the
residual reactance due to partial resonance between C5 and
L3. C3 and C4 are monolithic MOS capacitors. They also
help to suppress RF and LO feedthrough to the IF port. Due
to the large inductor value, L5 is implemented externally. L4
is an external AC choke used to bias the collectors of Q, and
Q3, while Ry defines the output resistance at the IF port. This
implementation is lower in cost than a transformer.

If the switching pair were driven directly by an external
LO, 2 dBm of LO power would be required. To reduce the
power consumption of the external L.O, a LO buffer with a
voltage gain of 12 dB is included in the design. Fig. 6 shows
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the basic topology of the LO buffer. One side of the differen-
tial pair (Q5 and Qg) accepts the LO input, while the other

side is AC grounded by series tuning between capacitor Cg

Fig. 6. LO Buffer

(external capacitor for good AC ground) and a bond wire L.
Since the differential pair (Q5 and Qg) is not degenerated, the
impedance looking into the base of Qs is too low for imped-
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ance matching. An integrated spiral inductor Ls is needed to
tune out the C,; of Qs and Qg.

For a single-balanced design, the noise from the LO
buffer at the IF can feedthrough to the IF output port. Hence,
integrated spiral inductors Ly and Lg (low impedance at IF)
are used at the output of the LO buffer to remove this noise.
Since the capacitance at the bases of Q, and Q3 is nonlinear,
the LO signal at the output of the LO buffer becomes highly
distorted without the linear capacitors C; and Cg. This LO
signal distortion tends to decrease the linearity of the mixer.
Hence, the value of Cy and Cg should be much larger than C,
of Q, and Q5 to reduce this LO signal distortion. The upper

limit is set by current consumption and the quality factor (Q)
of L’/ and Lg.

Implementation
The mixer is implemented in a BICMOS process with
peak npn fp of 13 GHz and CMOS L4 of 0.8 um. The

CMOS devices are mainly used in the biasing circuit. Fig. 7

Fig. 7. Chip Micrograph

shows the die micrograph. The bonding pads are ESD pro-
tected and the die is housed in a SSOP20 plastic package.
Transistor Qq is placed close to the bonding pads to which
the bond wires used for degeneration are connected. This is
to minimize parasitic capacitance and resistance at the emit-
ter of Q. The degeneration inductor L. is implemented by
three adjacent bond wires and pins in parallel. The LO pin
and the AC ground pin (L) are placed next to each other to

minimize the cross-sectional area of the resulting current
loop. The two LO pins and the two IF pins are placed on the
opposite side of the package from the RF pin to minimize
coupling. The ESD buses are routed outside the bonding
pads to minimize the routing distance between devices and
bonding pads, and to avoid crossing with the signal buses. To
further minimize the routing distance of high-frequency sig-
nals, the mixer and LO buffer are placed next to their corre-
sponding bonding pads.

Measurement Results
The measured performance of the mixer is summarized

in Table 1. The measurements were performed at 25°C with

TABLE 1. Performance Summary

Parameters Simulations Measurements
Power Supply 2.7Vto 55V | 2.7V to 5.5V
Current Consumption 8 mA 7.9 mA
Conversion Gain (Power) 4dB 4.5 dB

Input Third-Order Intercept Point 2.5dBm 1 dBm

Input 1dB Compression Point -5 dBm -7.5dBm
Single-Sideband Noise Figure 10.8 dB 10dB

LO to RF Feedthrough -30 dBc -28 dBc

a 3V supply, using LO power of -8 dBm. Since the LC net-
work at the output of the LO buffer is tuned to a lower fre-
quency {(due to parasitic capacitance), a slightly higher LO
power is used. The RF, LO and IF frequencies used are 2.6
GHz, 2.4GHz and 200 MHz respectively. The input IP; was

measured with two RF tones of 1 MHz spacing.
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