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A Class AB Monolithic Mixer
for 900-MHz Applications

Keng Leong Fong, Christopher Dennis Hull, and Robert G. Mekeltpw, IEEE

Abstract—A Class AB downconversion mixer for 900-MHz Mixer
applications is presented. The circuit is implemented in a 25-GHz RF Image F
fr bipolar process and consumes 10.2 mA total current from RFIn—{ . Rejection Filter [ TF Stage
a 3-V supply. The design has a power gain of 7.5 dB and Filter
operates with supply voltages from 2.7 to 5 V. A single-sideband
noise figure of 7.5 dB is achieved by design simplicity, use of LO

bond-wire degeneration in the common-emitter driver stage, and
optimization of the device sizes and bias currents. An input 1-dB
compression point of—1.5 dBm is achieved by exploiting the class
AB behavior of the common-emitter driver stage. II. MIXER SPECIFICATION DISCUSSIONS

Index Terms—Analog circuits, bipolar analog integrated cir- The system noise figure (in linear scale) for the downcon-
cuits, circuit noise, circuit optimization, high-speed integrated verter shown in Fig. 1 is

circuits, integrated circuit noise, microwave integrated circuits,

Fig. 1. RF front-end.

microwave mixers, mixer noise, mixers, nonlinear circuits, time- 1 NF:na — 1 1 1
varying circuits. NF = LNA <_ - 1)
Lgy Lyy LrrGrna \ Liv
NFvx — 1
I. INTRODUCTION LrrGrLNnaLmv
HE rapid growth of portable wireless communication :L(NFLNA + M) (1)
systems has led to a demand for low-power and high- Lrr Gryalm

pe_rforr_nancg front-end d_ovynconverters_ The_z downconversiwp]ereLRF and Ly are the insertion losses of the RF filter and
mixer is an important building bloc_k of a typ_lcal front-end ag,o image-rejection filter, respectiveliNFxs and NFyx
shown n Fig. 1. The downcor_wersmn mixer 1s usc_ed to convelte the noise figures of the LNA and the mixer, respectively,
the radio frequency_ (RF) signal QOwn to an |ntermed.|at£nd Gina is the power gain of the LNA. This equation
frequency (IF) by mixing the RF signal from the low-noise s mes that the noise figures of the filters are the same as
amplifier (LNA) with the local oscillator (LO) signal. This y,qir insertion losses. As shown in (1), the LNA needs to have
allows channel selection and gain control at lower frequenciggicient power gain to reduce the noise contribution from the
where high quality-factor (Q) filters and variable-gain amp“r'nixer. Hence, a mixer with low noise figure (NF) is highly

fiers can be constructed economically. Instead of using an {Esirable in order to relax the gain requirement of the LNA.
filter with tunable pas_sband frequency, an IF filter with ﬁxeﬂ/lost of the low-noise active mixers (in silicon technology)
passband frequency is used, and the LO frequency is tunegheny available have a single-sideband noise figure greater
to select the desired channel. The LNA is used to amplifyn 10'gB. The goal of this design is to obtain a mixer with
the RF S|gngl to reduc;e the noise contribution frqm the MIXEL;, nificantly lower noise figure, without sacrificing linearity.
The RF and image-rejection filters are used to reject undesire downconversion mixer should provide sufficient power

out-of-band signals. In this paper, a class AB downconversig;, 1, compensate for the IF filter loss and to reduce the

mixer for 900-MHz applications is described. The emphasiy,se contribution from the IF stage. Typically, a power gain

is on design techniques that achieve a high 1-dB compressigi;ier than 5 dB is desirable. However, this gain should not

point and a low noise figure. be too large since saturation at the IF output port may limit
the 1 dB compression poifftPiys).

A strong undesired signal (known as a blocker or interferer)

can overload a mixer and cause gain compression of the
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the gain compression of the small desired signal and that

of the large undesired signal. The relationship derived i I

[1] assumes a weakly nonlinear condition where the gai REF
compression is solely caused by the third-order term in the
transfer function of the mixer. This describes many practica
mixers, but higher-order terms can also be important in the
presence of a large-amplitude blocker. The small desired signgl
can be viewed as amplitude modulation on top of the blockef
which functions like a carrier. Typically, the modulation signal

(the small desired signal) is compressed more than the carrie>‘_w
_L W

; R ) Q

(the large blocker). Using this intuitive knowledge, an input c :

P4 specification greater thar5 dBm (—3 dBm is used in 2 Y L
1 [
=

C

T 6
IF-

LO+

Bias Circuit

this design to provide 2-dB margin) for the mixer is used as_— L
a starting point for this design. In the actual design, SPICE 2
simulation is used to verify that the gain compression of the —_¢
small desired signal in the presence of&-dBm blocker is 3 R'F
less than 1 dB. The actual value Bf g is not the true design C,
criterion. I Bond Wires: Ly, L, L,

Due to the third-order nonlinearity of the mixer, two strong = Off-Chip Inductors: Ly, Ls, Lg
signals at the adjacent channels can generate third-orderdi- 2. Class AB mixer.
termodulation(IM3) product at the desired channel. If the
IMs5 product is strong enough, it can corrupt the weak desired . . .
signffl. Hence, the mgi]xer sh%uld be linear e?nough to avoid t%@r'_al down to the IF as illustrated in the following equa-
situation. The linearity requirement, characterized by thir 8
order intercept poin{lP3), depends on the power difference

X : : ) Io = Vrr coswgrt X G
between the desired signal and the undesired signals at the © RE e M

adjacent channels. X <z coswrot — 2 cos 3wrot + - - )
The impedances of the RF and LO input ports are typically T s
matched to 502, while the impedance of the IF output port = =Gy Var cos(wro — Wrr)t
is matched to that of the IF filter. Impedance matching at m 1
the RF and IF ports is necessary to avoid signal reflection + ;GJWVRF cos(wro + WrE)t + - - 2)

from the ports and excessive passband ripples in the frequency
responses of the filters. Typically, return losses of less thaumerel,, is the signal current flowing through the differential
—10 dB are required. On the other hand, the return losstput resistancé?, (R3 + R4 is matched toR;), wrr and
specification on the LO port can be more relaxed. Howevey;, are the RF and LO frequencies, respectivelr is
excessive LO port return loss requires increased LO driiee RF input signal, andy,; is the transconductance of the
level, which increases the power consumption of the overalliver stage. This equation assumes instantaneous switching
system. (multiplying the RF signal with square wave) & and Qs.
If the mixer is in a different package from the LNA,The(wro—wrr) termis the IF signal, while théur.o+wrr)
the isolation between LO and RF ports of the mixer ifrm is an unwanted signal. Th¢r factor is due to the power
important, since LO-to-RF feedthrough results in LO signddst in the (wro + wrr) term and other higher frequency
leaking through the antenna. The amount of feedthrough theims.
is allowed depends on the reverse isolation of the LNA and To improve the linearity of the common-emitter driver stage,
the stopband attenuation of the RF and image-rejection filtérss degenerated by the bond wile, (modeled as a higli
at the LO frequency. If the LNA is in the same package as theductor) instead of a resistor. In contrast to resistive degen-
mixer, the LO feedthrough to RF input port of the LNA mayeration, inductive degeneration does not create an additional
become more significant. LO-to-IF and RF-to-IF isolations aftoise source. To reduce the noise contribution figma large
not important because the high-frequency feedthrough candwvice with small base resistan¢e, ~ 3 ) is used. The
easily rejected by the high-Q IF filter. bias current is also optimized to reduce the sum of base and
collector shot noise contributions. The input-referred noise due
to the collector shot noise decreases with bias current, while
The basic topology of the class AB mixer is shown ithat due to the base shot noise increases with bias current.
Fig. 2. It comprises a common-emitter driver stagg;) Ideally, the gain of the driver stage should be maximized (by
and a differential switching paif@); and Q3). The driver minimizing the bond-wire inductance) to minimize the noise
stage amplifies the RF signal to compensate for the abntribution from the switching pair. However, linearity (third-
tenuation due to the switching process and to reduce theer intermodulation and spurious response) and head room
noise contribution from the switching pair. The switchingonsiderations (1-dB compression point) set the lower limit
pair performs the mixing function which converts the RBn the degeneration inductance.

lll. CIrRcUIT DESIGN
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CapacitorC, is a bypass capacitor used to prevent noise of 20 ——
the bias circuit from entering the base @f. Series tuning
betweenC, and a bond wirg L,) provides an ac ground at
the RF (900 MHz). The impedance looking into the base of

@, is given by 15l
1 Average
2r frLe + 1y + 8L + — 3 Current
5Cx (mA)
where f7 is the unity current gain frequency 6f;. This equa- 10}

tion neglects the effect of collector-base junction capacitance
(Cy) of Q1. The parallel combination between the real part
of this equation and the resistance Bf (150 ?) provides
50 € for impedance matching [2]. The imaginary part of this 5 -
equation is cancelled by the reactance of the bond Wirén T RF I;;ut_l;;w; (dI;:n) .o
series with the external dc blocking capacit@y.

Since there is little resistance (dc feedback) between tHg- 3- Average current versus RF input power.
emitter of ; and ground, the common-emitter driver stage
exhibits class AB behavior. This phenomenon is due to the 35—
exponential collector currerff) versus base emitter voltage
(Vgg) characteristics of the bipolar transistor. Using

(=3

30

251

Ve = Vo + Vi coswt + Vs cos 2wt + Vacos 3wt + - -+ (4)

B VBE 20
le=1sexp < Vr ) ®) Current 15|
A
whereV,, is the amplitude of thexth harmonic, we have (mA) 10}
Io =1Isexp <“//—;) {IO<“:—;> + 214 <“//—;) coswt + .- } :
Va Va
L = 2L | —= 2wt + -

X{°<VT>+ 1<VT>COS wr } I R e e e

7 Va 7 Vs 5 Time (ns)
X — 2 — Swt oo e
{ 0 <VT> tah <VT> cos Swh + } (6) Fig. 4. Simulated output current of the driver stage.

where I, and I; are modified Bessel functions of order zero
and one, respectively. Without any feedback, theterm quiescent current level. Fig. 3 shows the simulated average
causes gain expansion. Due to fhgerm, the average currentcurrent of the driver stage (biased at collector current of
increases. With dc (resistive) feedback, the increase of 8® mA) as a function of RF input power. Fig. 4 shows the
current can compreskgg and the transconductance of thesimulated output current waveform of the driver stage with a
driver stage. To avoid gain compression due to dc feedback3-dBm sinusoidal signal applied to its input. Due to the class
R, and the parasitic resistance at the emitterchf (Rz) AB phenomenon, the average current increases to 14.4 mA.
should be minimized. Without any dc feedback components,To further investigate this Class AB phenomenon, a small
the transconductance of the driver stage is not reduced eg@gnal and a large blocker are applied to the input of the driver
at very high input power level {10 dBm). However,R; stage. Fig. 5 shows the normalized transconductalgs
should be large enough to avoid significant loading at the Riormalized to the small-signal transconductance) of these two
port which would cause impedance mismatch and noise-figwignals, as a function of the blocker input power. Due to the
degradation. class AB phenomenon, the driver stage has an idfug of
For a mixer with 5 dB of power gain, an RF signal ofbout 4 dBm. With a—5-dBm blocker, the transconductance
—3 dBm produces 2 dBm of IF output power. The currergf the small desired signal is compressed by only 0.5 dB. In
required to drive 2 dBm of power into the I2kdifferential this mixer design, gain compression is dominated by saturation
resistor(R») is 1.78 mA. Without the class AB phenomenoryf (), and Q5 due to large signal swings at the IF output port.
(as in the case of a differential-pair driver stage with constayjith 2 dBm of IF output power applied to the Didifferential
current source bias), the bias current required is resistorR,, the resulting differential output amplitude is 1.8 V
178 MA X 7 % 2 = 11.2 mA. @) §0.9 Y gt each IF output terminal). Hence, suflfici.en'_[ head room
is required at the collectors @}, and(}3 to avoid limiting the
The factor is due to the current lost in the switching (mixing)F output swings. In this design, the bases(df and (}; are
process. The factor of two is due to half of the current beirfgased at 1.1 V below the power supply voltage. Assuming
lost in the filter-matching resistdtRs and R,). On the other the bipolar transistor saturates at a base-collector voltage of
hand, a class AB mixer can be biased at a much lowabout 0.4 V, this allows 0.6 (= 1.1 V+ 04V — 0.9 V)
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Fig. 7. Mixer noise figure versus LO amplitude.

were taken. However, since this noise is common-mode, it
can be suppressed by taking the IF output differentially.

Single-balanced mixers do not reject LO and RF
feedthrough at the IF output port. Normally, this is not
a problem since the IF filter has high enough stopband
attenuation to filter out unwanted signals at both LO and
RF frequencies (and their harmonics). However, this high-
frequency feedthrough can produce large signal swings at the
IF output port of the mixer and degrade tii&,z and the
spurious performance of the mixer. Capacitd@rs and Cg
are used to attenuate the LO and RF feedthrough without
affecting IF signal.

The switching pair should be driven by a large LO signal to
minimize its noise contribution. The switching pair contributes

high-frequency feedthrough at the IF output port, as well aise to the mixer output when both transist¢f and Q)

bias shift due to component variations.

are on [3], and a large LO amplitude is needed to reduce

If the gain of the driver stage and its output noise wefn@e duration of this condition. Fig. 7 shows the simulated
constant across all frequencies, the instantaneous switchieise figure (NF) of the mixer (LO buffer is not included)
process would increase the noise contribution from the drivgg function of differential LO amplitude. For LO amplitudes
stage by a factor ofr/2)? (or 3.9 dB) as illustrated in Fig. 6 above —10 dBV (1 V = 0 dBV), the noise figure of the
[3]. The LO and its harmonics mix noise at various frequenciggixer decreases slowly as the LO amplitude increases because
down to the IF. In this case, the overall input-referred noisge overall input-referred noise is dominated by the noise

power (in linear scale) of the mixer would be

2
noise of gain stage (g) + noise from switching pair.

(8)

contribution from the driver stage. Linearity, head room, LO
feedthrough, and power consumption considerations set the
upper limit on the LO amplitude. A very large LO amplitude
results in excessive current being pumped into the common-
emitter point of the switching pair through the base-emitter

With inductive degeneration, the gain of the driver stagenction capacitancéC.), and thus generates additional third-
decreases with frequency [2]. If high-side mixing (LO hasrder intermodulation [3]. Large LO amplitudes also decrease
higher frequency than RF) is used, the RF signal (and ake head room at the collectors @ and@3 and increase the
sociated noise) has higher gain than the noise at the imadge feedthrough to the RF port (throughi, of ;). Another
frequency. Also, noise at higher frequencies is attenuated digadvantage of using a large LO amplitude is that large power
the degeneration inductance. In this case, the mixing processmisumption is required.

increases the noise of the driver stage by a factor of less thaiConsidering the tradeoffs between noise figure and other

(m/2)%.

performance parameters mentioned above, a differential LO

When one transistof(); or (3) of the switching pair amplitude of—10 dBV (630 mV peak-to-peak) is used in this
is on, the mixer functions like a cascode amplifier. Noisdesign. Using this LO amplitude and devices with high
from the driver stage at the IF can feed through to the HRe switching pair is switched very rapidly and thus generates
output terminals. Since the driver stage has high gain at tieatively little noise andMj3 at the mixer outputs [3], [4].

IF (due to inductive degeneration), the output noise of tHeeasonably large devices are used to reducerth@oise
mixer would increase significantly if a single-ended outpuontribution. However, if the base-emitter junction capacitance
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Bond Wires: Lo

On-Chip Inductors: L, Lg

Fig. 8. LO buffer.

Fig. 9. Chip micrograph.

(Cje) is 100 large, the switching af’;. can pump additional o pcker can be seen as functioning as a second LO
current into the common emitter point [3]. With proper chmce& nal that mixes low-frequency noise from the bias circuit

of L.O swing and'de\'/ice sizes in this .des_,ign, the hoise a Fig. 2) to the RF [1]. For instance, the blocker at 10 MHz
nonlinearity contributions from the switching pair are sma way from the RF mixes with the noise from the bias circuit at

relﬁlti;]/e to _thﬁge frOT" the ddri\_/er s;z_ige.l b | LOlO MHz and shifts it to the RF. To remove this low-frequency
the switching pair were driven directly by an externa hoise, a low-frequency trafCs and L) as shown in Fig. 2

0 dBm of LO bower W.OUId be required. In the gbsence of_a}g placed at the base 6};. The trap should have low enough
on-chip LO buffer,'|t might take up .to 10 mA of bias current i mpedance at 10 MHz to filter out the low-frequency noise
an external LO driver to supply this LO power. Hence, a L om the bias circuit. At low frequencied,s appears to be

thﬁﬁgV\,’ith a gain of 10 O!B Is includl%ddig thils:_deséigrrl]to re‘:]ucShort. Hence(’; can also filter out other low-frequency noise
t el Input power requirement te m. F1g. &S QWSt € t frequencies higher than 10 MHz, in case there are blockers
basic topology of the LO buffer. One side of the differenti t more than 10 MHz away from the RF signal. At RF, the trap

pair (@5 and Q) accepts the LO input while the other side, due tb d d t affect the imped
is ac grounded by series tuning between capaditprand a mp;gﬁir:g(-)pen (due tb;) and does not affect the impedance

bond wire(Ly). ResistorR; is used for impedance matching. The blocker also contributes noise through reciprocal mix-

The noise contribution from the LO buffer is minimized byIng [5]. Once amplified by the driver stage, the blocker mixes

usi_ng large devices for the different_ial pair and u;ing alo he phase noise from the LO buffer to the IF. For instance, the
noise current source. Further reduction of the LO input POWE[ocker at 10 MHz away from the RF mixes with phase noise

requirement (by increasing the gain of the LO buffer) is n%[.t 10 MHz offset from the LO carrier. Hence, the LO buffer

d_esirable b_eca_use th_e_LO buff_e r would pecom_e VETY NOl¥eeds to have low phase noise to reduce the desensitization
Like the switching pair in the mixer, the differential p&if); effect by the blocker

and ) contributes noise to the outputs of the LO buffer
when both transistors are on.

For a single-balanced design, the noise from the LO buffer
at the IF can feedthrough to the IF output port [3]. Hence, The class AB mixer is implemented in a 25-GHz
on-chip inductorsl.; and Lg (short circuit at the IF) are usedbipolar process. Fig. 9 shows the die micrograph. The pads
at the output of the LO buffer to remove this noise. Capacitoese electrostatic discharge (ESD) protected and the die is
C- and Cg are used for parallel tuning with the inductors ahoused in a TQFP32 package (for prototyping). Transistor
the LO frequency in order to increase the load impedance @f is placed close to the bonding pads to which the bond
the LO buffer. wires used for degeneration are connected. This is to minimize
parasitic capacitance and resistance at the emitté};ofThe
degeneration inductak. (~2.4 nH) is implemented by using
two adjacent pins and bond wires in parallel. The LO pin is

A blocker with a large amplitude can desensitize the mix@erpendicular to the RF and IF pins to reduce the inductive
by reducing the conversion gain of the mixer with respect mupling of the LO power to the RF and IF ports. The LO pin
the small desired signal. Further desensitization may occur cared ac ground pir{Lg) of the LO buffer are placed next to
to an increased noise floor in the presence of the large blockieach other to minimize the cross-sectional area of the resulting
signal [1]. A blocker at 10 MHz away from the RF is used t@urrent loop. This technique is also applied to the RF pin
illustrate this phenomenon. and the ground pin(Ly) for the bypass capacito€,. The

V. IMPLEMENTATION

IV. DESENSITIZATION BY A BLOCKER
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TABLE |
PERFORMANCE SUMMARY

Parameters Simulations | Measurements
Power Supply 27Vito 5V 27V to 5V
Current Consumption 11.4mA 10.1 mA
1.0 Input Power -10dBm -10 dBm
Conversion Gain (Power) 7.7dB 7.5dB
Gain Variation (@-10 dBm Blocker) -0.4 dB -0.25dB
Gain Variation (@-5 dBm Blocker) -0.6dB -0.2 dB
Gain Variation (+/- 20 MHz) +/-0.2dB +/-0.25dB
Input 1P 4.5dBm 2.5dBm
Input Pyyp . -0.5dBm -1.5 dBm
Single Sideband (SSB) NF 6.9 dB 7.5dB
SSB NF (@-10 dBm blocker) 12.3dB 12.1 dB
SSB NF (@-5 dBm blocker) 16.6 dB 16.7 dB
LO to RF Feedthrough -44.8 dBm -47.5 dBm
Mixer
_ Tmage Under Test = :
Gebl:ge?:tlor 1 R%i.ection Filter [ XV;?;}:Z::?
Filter
1
LO Spectrum
Analyzer

Fig. 10. Noise measurement under blocking condition.

two IF pins are placed next to each other on the opposite

1171

rejection filter is needed for single-sideband noise figure
measurement. The IF filter is used to filter out the blocker
(at 260 MHz after the mixing process) to prevent it from
desensitizing the spectrum analyzer. The wideband amplifier
(24 dB gain) is used to increase the sensitivity of the spectrum
analyzer. A typical spectrum analyzer has a noise floor of
about—150 dBm/Hz. The output noise from this setup should
be much larger than that of the spectrum analyzer so that it
can be displayed on the spectrum analyzer. To calculate the
noise figure of the mixer under the blocking condition, the
noise contributions from the image rejection filter, the IF filter,
the wideband amplifier, and the spectrum analyzer have to be
subtracted.

VII.

A class AB downconversion mixer for 900-MHz applica-
tions has been designed. Class AB behavior of the common-
emitter driver stage improves the 1 dB compression point
and the blocking performance, but not the third-order inter-
cept point. Low noise figure is achieved by using bond-wire
degeneration and optimum device sizes and bias currents.

CONCLUSIONS
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