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Monolithic RF Active Mixer Design
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Abstract—An overview of monolithic radio-frequency (RF) ac- Mixer
tive mixer design is presented. The paper is divided into two parts. RF Image F )
The first part discusses the performance parameters that are  RF In—= g0, [ LNA>—Rejection Filter [ 1" Stage
relevant to the design of downconversion mixers, and how they Filter
affect the system performance. The second part presents three 1O

common kinds of mixer topologies, namely, unbalanced, single-
balanced, and double-balanced designs. This paper concentratesFig. 1. RF front-end.
on active mixers only. The advantages and disadvantages, as well

as the design and optimization techniques for the three kinds of . . .
mixers, are discussed. Downconversion mixers perform frequency conversion by

using nonlinear elements in time-varying circuits. The nonlin-
ear operation is difficult to describe analytically, and hence
optimization becomes very difficult. In addition to magnitude
changes and phase shifts as in a linear system, signals and
I. INTRODUCTION noise also undergo frequency shifts in a time-varying non-

HE rapid growth of portable wireless communicatiofinear system. As a result, many active mixers realized in
T systems, such as wireless (cordless and cellular) phoriicon technology are not optimized, and have relatively poor
global positioning satellite (GPS), wireless local area netwoR€rformance (high noise figure and poor linearity).

(LAN), etc., has increased the demand for low-cost and high-This paper is divided into two parts. This first part
performance front-end receivers. This presents a challengd@§ction Il) discusses performance parameters relevant to
radio frequency (RF) circuit designers to find optimal solutiori§€ design of downconversion mixers, and how they affect
for the realization of high-frequency (900 MHz to 3 GHz}he overall system performance. The second part (Section 1)
receivers using low-cost plastic packages and high-volurREESents common mixer topologies with emphasis on their
silicon technologies. advantages and disadvantages, as well as the design and
Fig. 1 shows a typical RF receiver front-end architectur@Ptimization techniques.
The downconversion mixer is used to convert the RF signalln terms of conversion gain, mixers can generally be cate-
down to an intermediate frequency (IF) by mixing the Rrgorized into passive and active mixers. Passive mixers, such as
signal from the low-noise amplifier (LNA) with the localdiode mixers [1], [2], and passive field-effect transistor (FET)
oscillator (LO) signal. This allows channel selection and gafRixers [3], [4], have no conversion gain. On the other hand,
control at lower frequencies where high quality-factep) ( active mixers have conversion gain which acts to reduce the
filters and variable-gain amplifiers can be constructed ecdQise contribution from the IF stages. Since passive mixers
nomically. Instead of using an IF filter with tunable passbarff€ Well documented, this paper concentrates on active mixers
frequency, an IF filter with fixed passband frequency is use@fly. The emphasis is on the topologies that can be readily
and the LO frequency is tuned to select the desirable chanri@Pricated in integrated circuit technologies.
The LNA is used to amplify the RF signal to reduce the
noise contribution from the mixer. The RF and image-rejection Il. PERFORMANCE PARAMETERS

filters are used to reject undesired out-of-band signals. TheThe parameters that affect the receiver performance can be
downconversion mixer is a very important building bloclgivided into four categories, namely, sensitivity, selectivity,
because its performance affects the system performance gpérioading, and power consumption. Sensitivity measures the
the performance requirements of its adjacent building blocksmallest received signal the receiver needs to achieve a specific
which include the LNA, LO, RF filter, image-rejection filter,pit error rate (BER). It depends on the system noise figure of
and IF stages. the receiver and the demodulation scheme used. Selectivity,

_ _ , , which includes adjacent channel selectivity, image rejection,
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filters, the desensitization effect [5], [6] on the LNA and Power
downconversion mixer by the blocker, and the LO phase noise.
Overloading measures the largest desired signal the receiver
can handle while maintaining a specific BER. It depends on
the system 1-dB compression poiift_; 45) of the receiver.
Power consumption determines the usage time of a portable
receiver. Although the overall performance of a receiver ] | .
depends on the performance parameters of all building blocks, ¥ REF LO 210 3.0
this section concentrates on the performance parameters of the Frequency

downconversion mixer only, and how they affect the systepy, » o mixes noise to the IF.

performance and the performance requirement of the adjacent
building blocks.

Power

A. Noise Figure

Noise figure (NF) is commonly used in communication I i
systems to specify the noise performance of a circuit. It '
measures the signal-to-noise ratio (SNR) degradation caused
by the circuit [2]. In communication systems where the source

impedance is well defined, NF is defined as 210 31O
N + N, N, Frequency
NF = 7SN L =1+ FZ (1) Fig. 3. LO mixes noise to the baseband.

whereN, and V; are the noise power of the source impedance

and the input-referred noise power of the circuit, respectivel?f“md is rejected). On the other hand, the double-sideband

The value of NF is meaningless if the source impedance']gise figure is applicable to the homodyne (direct conversion)

not specified. Noise figure is typically expressed in a decib@ichitecture [7] where the RF signal is converted to the
aseband directly. Fig. 3 shows how the and its harmonics

The system noise factor (noise figure expressed in |iné“g|tx noise at varl?l_Js freguenmes to the baseband._The term
scale) for the downconverter shown in Fig. 1 is double sideband” is derived from the fact that two sidebands
of the LO signal are converted to the baseband (LO frequency

N n NFpna — 1 4 1 <L 3 1) is in the middle of the RF band). Comparing Figs. 2 and 3,
Lyp Lyp LrrGina \ Ly it is obvious that the mixer in the heterodyne architecture has
NFyrx — 1 twice as many noise contributors as that in the homodyne
LrrGrna Lo architecture. Hence, the single-sideband noise power is about
1 NFyrx — Lo 2 times (3 dB) higher than the double-sideband noise power.

= e <NFLNA + m) (2) Itis important to notice that a factor of 2 difference in input-

referred noise power does not translate to 3-dB difference in
where Lrr and Ly are the insertion gain (less than 1 fomoise figures because
passive filters) of the RF filter and the image-rejection filter,
respectively; NEna and NFRyrx are the noise figures of the 2Npsp Npsp
LNA and the downconversion mixer, respectively; and GLNA <2{1+ N, = NFgsp < 2NFpsp
is the power gain of the LNA. This equation assumes that the

noise figures of the filters are the same as their insertion IosﬁﬁﬁereNDSB is the input-referred double-sideband noise power
Noise contribution from the IF stage is not included in thig¢ the mixer NREss and NFbss are the single-sideband
equation. As shown in (2), the LNA needs to have sufficieghg double-sideband noise figures of the mixer, respectively.

power gain to reduce the noise contribution from the mierowever, if Npsp is much larger thanV,, NFssp is about
Hence, a mixer with low noise figure is highly desirable i 4g higher than NFsp.

order to relax the gain requirement of the LNA.

There are two types of noise figure measures for downcon- ) .
version mixers, namely, single-sideband (SSB) noise figufe COnversion Gain
and double-sideband (DSB) noise figure. The single-sideband\ downconversion mixer should provide sufficient power
noise figure is applicable to the heterodyne architecture wheyan to compensate for the IF filter loss, and to reduce the noise
the RF signal is converted to an IF which is the higheontribution from the IF stages. However, this gain should not
than one-half of the image-rejection filter bandwidth. Fig. Be too large as a strong signal may saturate the output of the
shows how the LO signal and its harmonics mix noise atixer. Typically, power gain, instead of voltage or current
various frequencies to the IF. The term “single-sideband” gmins, is specified. The reason is that noise figure is a power
derived from the fact that only one of the sidebands (the Rfuantity, and hence it is easier to translate the NF of the IF
band) of the LO signal is converted to the IF (the imagstages to the system NF using power gain. Power g&inis
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Input Power (dBm) Fig. 5. Third-order intermodulation product corrupts desired channel.

Fig. 4. Magnitude response of a mixer.

there is no simple relationship between the gain compression

related to voltage or current gain by of the small desired signal and that of the large undesired
) ) signal. The relationship derived in [5] assumes a weakly

- <E> Bs _ <I_O> B, (3) nonlinear condition where the gain compression is solely

Vi) Rp Iy ) Rs caused by the third-order term in the transfer function of the

whereV, and V; are output and input voltages, respectivel;}?im”it' If this were the case, the input blocker power t_hat
I, and I; are output and input currents, respectively caused 1-dB gain compression to the small desired signal

andRs are load and source resistance, respectively. Althou%g"d, be 3.1 dB less than the inpHt , 4 of the circuit. This
increasing the load resistance by a factor of 2 can increase #gScribes many practical mixers, but higher odd-order terms

voltage gain by 6 dB, the power gain is increased by only 3 d§2n also be important in the presence of large signals. The
small desired signal can be viewed as amplitude modulation

on top of the large blocker which functions like a carrier.

_ ) ) Typically, the modulation signal (the small desired signal) is
A strong signal can saturate a mixer and reduce its POW&mpressed more than the carrier (the large blocker). The

gain. The input 1 dB compression poiift_ ap) measures the actyal value of inputP_; 4p is not the true design criterion
input power level that causes the mixer to deviate from its lify many receiver systems. Alternately, a new performance
ear magnitude response by 1 dB. Fig. 4 shows the mag”'t%ameter, the blockind”_, 4, can be defined as the input

response of a mixer as a function of input signal power. T%Wer of the blocker that causes 1-dB gain compression to
dotted line shows the linear magnitude response of an idggs small desired signal.

mixer. Due to odd-order nonlinearities and limiting (current
limiting and/or voltage headroom limiting), the conversion ] ) ] )
gain of an actual mixer is reduced at high input power lev&l: Third-Order Intermodulation Distortion
as shown by the solid line. The conversion gain of the mixer Due to the odd-order nonlinearities in the transfer function
is the ratio of output power to input power. The point wheref the mixer, two undesired signals in the adjacent channels
the large-signal gain is 1 dB below the small-signal gain generate third-order intermodulation (IM3) products at the
the P_; 4p- In the case where gain compression is caused bytput of the mixer. As illustrated in Fig. 5, one of the IM3
limiting, the gain drops abruptly and the output power staywoduct can corrupt the desired signal if it falls within the
constant as the input signal power exceeds the iffputis. In  desired channel. If the two adjacent channel frequencies are
the case where gain compression is caused by the odd-ordgrand w,, respectively, two IM products are generated at
nonlinearities in the transfer functions of the devices usefllequencieq2w, — w;) and (2w, — w, ), respectively. At low
the gain decreases more gradually as the input signal powwssut power level, the IM product is dominated by the third-
exceeds the inpuP_q gg. order nonlinearity. As the input power increases, higher-order
If the input power of the desired signal is larger than theonlinearities become more important.
input P_, 4p, the desired signal can be distorted at the output The third-order intercept point (4% measures only the
of the mixer. This distortion causes amplitude modulatiomird-order nonlinearity. Fig. 6 shows the magnitude responses
(AM) to phase modulation (PM) conversion. No information i®f the desired signal and the IM3 product. The solid lines
lost if the desired signal is frequency modulated. If the desirede the actual responses. At low input power levels, the gain
signal is phase modulated, the unwanted phase shift dueofathe desired signal is constant, and the power of thg IM
AM-to-PM conversion may result in detection error, whiclproduct increases with the cube of the input power. At high
increases the BER. On the other hand, if the input power iofput power levels, the gain of the desired signal is typically
the undesired signal exceeds the ingtt; 5, distortion of compressed (gain expansion may happen in class-AB and
the undesired signal does not affect the system performandeass-C circuits), and the IMis no longer dominated by the
However, a strong undesired signal (known as a blocker third-order nonlinearity. Depending on the phase relationship
interferer) can overload a mixer and cause gain compressioraaiong odd-order nonlinearities, the vhay increase at a rate
the small desired signal if the mixer does not have sufficienthigher or lower than the cube of the input signal power. The
high input P_1 45 [5], [6]. dotted lines are the linear extrapolations of the small-signal
The blocker should not reduce the gain of the small desirethgnitude responses of the desired signal and thepidduct,
signal by more than 1 dB to avoid increasing the noigespectively. The point where the two extrapolated curves
contribution from the IF stages significantly. Unfortunatelymeet is the IR. Given the input signal power in the adjacent

C. Gain Compression
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increases the power consumption of the LNA. As shown in

Output| ,/""" (4) and (5), increasing the gain of the LNA also increases

3 Desired Signal == the input IR requirement of the mixer in order to meet the

%g:g’;;‘ system input IR specification. This in turn increases the power
(dBm) ™, consumption of the mixer [9]. A mixer which requires high LO

drive increases the power consumption of the LO. It may take
up to 10 mA of bias current in an LO output buffer to supply

Input IP; 0 dBm of LO power into the 5@ LO port of the mixer.
Input Power (dBm)
Fig. 6. Magnitude responses of desired signal ang.IM F. Port Return Loss

When a port impedance is not matched to that of the
channels, the power of the Wvbroduct can be calculated bysource resistance, some of the power delivered to the port
using the IR value. However, the calculated value only applie§ reflected back to the source. Return loss is defined as the
to the small-signal IM3 product since the;lalue is the result fraction of incident power reflected. The impedance of the

of extrapolation from the small-signal condition. RF and LO input ports is typically matched to 3B while
The system input IR (power quantity in linear scale) for the impedance of the IF output port is matched to that of
the downconverter shown in Fig. 1 is the IF filter. Impedance matching at the RF and IF ports is
1 necessary to avoid signal reflection and excessive passband
IP; = Lir 1 + 1 () ripple in the frequency responses of the filters. Typically,
IPsina)y  IPsourx)/(GrnaLliv) return losses of less thanl0 dB (voltage wave standing ratio

where IR L) and IR rx) are the input IR (in power unit) of Ies_s_ thz_;m 2) are required. On the other hand, the return loss
of the LNA and downconversion mixer, respectively. Thi§Pecification on the LO port can be more relaxed. However,

equation assumes that the JMontributions from the filters €XCessive return loss requires the LO to deliver high power

are negligible since they are passive components, and that fch would increase the power consumption of the overall

IM 5 products from the LNA and the mixer add coherently (i§YSt€m- Furthermore, excessive LO signal reflected back to the
phase). On the other hand, if the 4products add incoherently LO may cause LO-pulling problem.

(out-of-phase), the system inputslBecomes

1/2 G. Port Isolation
IP; = L ! + ! . The isolation between LO and RF ports of the mixer
T P2 IP2 2NN .. : -
3(LNA) 3(MIX)/ (Ginalinmx) is important as LO-to-RF feedthrough results in LO signal

(5) leaking through the antenna. The leaked LO signal should be
small enough to avoid corrupting the desired signals of other
&?F systems. If the downconversion mixer is in a different
package from the LNA, the amount of LO-to-RF feedthrough
that is allowed depends on the reverse isolation of the LNA,
. . T X ) —and the stopband attenuation of the RF and image-rejection
nonlinearity which is dominated by the third-order nonllnfilters at the LO frequency. On the other hand, if the LNA is in

ear_ity, _whereasP_ldB measures the Iar_g_e—signal nonlinearit¥he same package as the mixer, the LO signal can feed through
which includes all odd-qrder nonllneantl.es. Furthermo_r%, ”,Dto RF input port (due to capacitive and inductive coupling
depends on the magnitude of the third-order nonlineari

k i f the LNA ing the RF fil
only, but P_; yg depends on both magnitude and phase P ong package pins) of the , bypassing the liter and

) i . A.
the thlrd-o_rder nonlinearity .[8]' [9]. If bOth Ifa_nd Poiam LO-to-IF and RF-to-IF isolations are not important because
were dominated by the third-order nonlinearity, the val

. Uhe high-frequency feedthrough signals can be rejected by the
of input IPs WOUId be 9'6. dB .(tru.e for low-frequency cas igh-Q IF filter easily. However, large LO and RF feedthrough
where the third-order nonlinearity is exactly out of phase wi]

. X . gnals at the IF output port may saturate the IF output port,
the fundamental signal) higher than that of ingeit; 4g. In and decrease th®_, 4 of the mixer.

many practical designs (one exception is the class AB mixer
described in [6]), the numerical values ofslBre more than
9.6 dB higher than those af_; 5. lll. MIXER TOPOLOGIES

As shown in (4) and (5), increasing the gain of the LN
decreases the system input;IP

The numerical value of the input 4Rs not directly related
to that of inputP_, 45 because IP measures the small-signal

Mixer topologies can divided into three categories, namely,
double-balanced, single-balanced, and unbalanced designs. In

The power consumption of other building blocks within ahis section, the advantages and disadvantages, as well as the
receiver system is as important as that of the downconversidesign and optimization techniques for these three different
mixer. While optimizing the power consumption of the mixerkinds of mixers, are presented. The discussion starts with the
care has to be taken to avoid increasing the power consumptitwuble-balanced mixer. Although the circuit topology looks
of other building blocks. For instance, a downconversion mixenore complicated than the other two kinds of mixers, it is the
with high NF increases the gain requirement of the LNA. Thisasiest to design and to optimize.

E. Power Consumption



FONG AND MEYER: MONOLITHIC RF ACTIVE MIXER DESIGN 235

A. Double-Balanced Mixer

Fig. 7 shows the basic circuit topology of a double-balanced
active mixer realized in bipolar technology. The mixer com-

! i . o IF
prises a differential-pair driver stage?{ and @) and a IF- o —fF-——=—4----- *
differential switching quad@s, Qs, @5, and Q). The driver Switching

stage amplifies the RF signal to compensate for the attenu- LO- LO-

ation due to the switching process, and to reduce the noise ' LI 'LO+ L
contribution from the switching quad. If the RF input signalis ~ r7=Fr—-—-—=-==-=-=-C-
single-ended, one side of the driver stage can be ac grounded. RF+ RF-
To reduce the voltage headroom required in a low-supply
design, the tail current sour¢elr) can be implemented bya . ____T——-_| —— ___
resistor [10] or an inductor, and inductors can be used to bias
the IF output ports to the supply voltage [6]. The switching
quad perform the mixing function which converts the RF =
signal down to the IF as illustrated in the following equatiorgig. 7. Double-balanced active mixer.

Io IVRF cos Wrrt X G]w
It can be easily shown that a driver stage with reactive

2 2
X <; cos wrot — o cos Swrof + - ) (inductive or capacitive) degeneration has lower NF than that

1 with resistive degeneration since the degeneration reactance
=7 GuVrr cos(wro — wrr)? (apart from its loss resistance) does not introduce an additional
1 noise source. To reduce the noise contribution fr@mand

T GrrVer cos(wro +wrp)t+ - - (6) ,, large devices with small base resistarfeg) should be

used. The bias curreri2/) should be optimized to reduce
i are he R and LO feauences, especivys 15 % ST OfVese an colector st nose contutons fom
the RF input signal, and¥,, is the transconductance of the* z P

) . : . .. shot noise decreases with bias current, while that due to the
driver stage. This equation assumes instantaneous swnctb

in T —
(multiplying the RF signal with square wave) of the switchin Z%neoirlﬁte r:jc;Ii\S/Zrlgfa:(gagsser?omghbzlar;,ailijr:iigtj[(lbl)]/.rﬁr?i?n”i)gir:ge
quad. If h|gh-3|de mixing (LO frequent_:y IS h|gh_er than Rthe degeneration impedance) to minimize the noise contribu-
frequency) is used, theuo —wry) term is the IF signal, and ;o0 o switching quad. However, linearity glRand
the (wLo +wrr) term is the unwanted signal. THe¢r factor O P
is due to the power lost in théwro -+ wre) term and other P_14p) sets the lower limit on the_deggnere}uon |mpedan_ce.
higher-frequency terms. If low-side mixing (LO frequenc it can.be shown th?t the dlffergntlal-paw driver §tage using
is lower than RE frequéncy) is used, therr — wio) and ¥nductlve_d_egeneratlon is more_llnear than that_ using resistive
' . or capacitive degeneration (with the same bias current and
(wLo —i—_wRF) term$ are the v_vanted and unwanted.S'gnaltsrk?nsconductance) [9]. In other words, inductive degeneration
respectively. Equation (6) applies to the case where d|ﬁerentllg more current efficient than both resistive and capacitive
output is. taken. If single-ended output is takgn, the mixm&’egeneration.
process is represented by the following equation: The differential impedance looking into the bases of the
driver stage is given by

where I is the differential output signal currentizr and

G
Ip = <IT + Vrr % CcOos UJRFt>

1
Zin:2<7’b+Z€+—+w—TZe> (8)
S

1 2 2
X | =+ — cos wr.ot — — cos 3wrot+--- sCx
2 7 3

Gy where C,, is base—emitter capacitance @f and Q., wr is
+ <IT — Ver —— cos wRFt> the unity current-gain frequency 6f; and Q.. This equation
1 9 9 neglects the effect of collector—-base junction capacitdatg
X <— — = cos wrot + — cos 3wrot + - - ) of @3; and ;. With resistive and inductive degeneration, the
2 7 3 real part of theZ;, is supplied by ther, + Z.) term and the
=Ip+ 1 GarVir €08 (wLo — wre)t (ry + (wr/s)Z.) term, respectively. Matching networks may
m be needed to match the real part£f, to the source resistance
+ EGJWVRF cos (wro + wrp)t + - (7) (Rs). The imaginary part ofZ;, has to be cancelled. For
w

stability reasons, capacitive degeneration is not recommended
where I, is the single-ended output signal current. The L@ince the((wr/s)Z.) term is a negative real number, and
and RF feedthrough signals are cancelled at the mixer outpthie real part ofZ;, may be negative (negative resistance may
but the dc component; remains. cause oscillation).
To improve the linearity of the differential-pair driver stage, If the gain of the driver stage and its output noise power
it can be degenerated by the impedari¢e which can be were constant across all frequencies, the instantaneous-
implemented by using either resistor, inductor, or capacit@witching process would increase the input-referred noise
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Power other disadvantage of using large LO amplitudes is increased
A power consumption.

) In bipolar transistor technology, differential LO signals
R S larger than 300 mV are typically used to achieve a low noise

vl T figure [6], [14]. If the switching quad is driven directly by

E an external LO, 300 mV of sinusoidal signal is equivalent
SN AN ' k EU to 0 dBm of LO power (assuming LO port is matched to
( 1 | | L t f . 50 Q). It might take up to 10 mA of bias current in an external
IF RFLO  prequency T 5LO LO driver to supply this LO power. Therefore, an LO buffer

is recommended to reduce the LO input power requirement
M®], [14]. The LO buffer needs to have low noise to avoid
increasing the phase noise of the LO signal.
I . Reasonably large devices should be used to reduce,the
contribution from the driver stage by a factor f/2) noise contribution from the switching quad. Smajl also
3.9 dB) as illustrated in Fig. 8 [12]. The LO and |ts harmomcFeduces the ac voltage drop acregsvhich would decrease the
Oéff?ecnve LO signal amplitude driving the switching devices.
frequencies down to the IF. In this case, the overall 'anHowever if the C;. is too large, the switching o, can
referred noise power (in linear scale) of the mixer WOLIIBump additional current into the common-emitter point of the
be switching quad, and decrease the linearity [12].
) ) ) 73 2 In the double-balanced design, the IF output can be taken
input-referred noise of driver stage(g) either single-endedly or differentially with little impact on the
+ noise contribution from switching pairs (9) linearity performance. The IF output can be taken single-
endedly by using either the # or IF— port. However,
With inductive degeneration, the gain of the driver stag@king the output differentially increases the output power and
decreases with frequency [13]. If high-side mixing (LO freconversion gain of the mixer. Furthermore, noise from the
quency is higher than RF) is used, the RF signal (and 48il current sourcg2lr) at the IF can feed through to the
sociated noise) has higher gain than the noise at the imdfeoutput port. This common-mode noise would increase the
frequency. Also, noise at higher frequencies is attenuated lfyoutput noise power significantly if single-ended output is
the degeneration inductance. In this case, the mixing procégken. Since this noise is common-mode, it can be cancelled by
increases the input-referred noise power of the driver stage®¥ing the IF output differentially. If a differential IF filter is
a factor of less tharfz/2)2. On the other hand, if low-side available, both of the IF output ports can be connected directly
mixing is used, the mixing process increases the input-referr@the filter. On the other hand, if the IF filter is single-ended,
noise power of the driver stage by a factor of more thaf)? differential to single-ended conversion is needed. This can be
since noise at the image frequency has higher gain than gfieved by using either a transformer or some kind of narrow-
RF signal. Therefore, high-side mixing is recommended if tH&@nd current-combining networks [15], [16]. Alternately, an
driver stage uses inductive degeneration. Similarly, low-side output buffer can be used (linearity and headroom issues
mixing is recommended if the driver stage uses capacitiggould be considered carefully).
degeneration. The basic topology of the double-balanced mixer shown in
As shown in (6) and (7), there are litte RF and LJ™ig. 7 can also be implemented in FET technologies (GaAs
feedthrough signals at the IF output ports of the doubl®ESFET [16] or silicon MOSFET [17]). Since the inherent
balanced mixer. In other words, double-balanced mixers rejéiggarity of an FET is good enough for many applications, the
LO and RF feedthrough. Since the switching quad is a diffefiriver stage does not have to be degenerated. Furthermore,
ential structure, a double-balanced mixer also reject LO-to-Rife linearity of the driver stage can be improved by increasing
feedthrough if the switching quad is driven differentially. 1fVas — Vi), where Vs is the gate—source voltage and
the LO input signal is single-ended, an LO buffer can be uségithe threshold voltage. Compared to the bipolar design, the
to convert the single-ended LO signal into a differential oné-ET switching quad needs to be driven by a larger LO signal
The switching quad should be driven by a large LO sigo minimize its noise contribution. The reason is that larger
nal to minimize its noise contribution. The switching qua$O voltage swing is needed to turn off one side of the FET
contributes noise to the mixer output when all transistofvitching quad.
(Qs, Qu, Qs, Q) are active [12], and a large LO amplitude
is needed to reduce the duration of this condition. Linearity,
head room, and power consumption considerations set
upper limit on the LO amplitude. A very large LO amplitude Fig. 9 shows the basic circuit topology of a single-balanced
results in excessive current being pumped into the commaetive mixer. Due to the simplicity of the circuit, single-
emitter points of the switching quad through the base—emittealanced mixers have lower noise figure than double-balanced
junction capacitance/Cj.), and thus generates additionamixers. This is because there are fewer noise contributors in
third-order intermodulation [12]. Large LO amplitudes alsthe single-balanced design. The mixer comprises a common-
decrease the voltage headroom at the mixer output. Aemitter driver stagé@-) and a differential switching paii}s

Fig. 8. Switching process increases input-referred noise power of dri
stage.

eSingle-Balanced Mixer
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where I, is the bias current of the driver stage. The
((2/m)Ig cos wrot) term represents the LO feedthrough.
In other words, single-balanced mixer rejects RF-to-IF

IF+ IF- feedthrough (if the IF output is taken differentially), but
“““ not LO-to-IF feedthrough. If the differential pair is driven
LO- LO+ differentially, single-balanced mixer also rejects LO-to-RF

feedthrough. On the other hand, if the IF output is taken
) single-endedly, there are dc components in both RF and LO
Driver ! . . . .
Q7 Stage ! signals. In this case, the mixing process is represented by the
following equation:

= 1o =g + VarGu cos wrrt)
Fig. 9. Single-balanced active mixer. % <1 + 2 cos wLot — 3 cos 3wLot + - - )
2 7 3

. . . IQ 1 2
and(@y). The driver stage is degenerated by an impedance =5 + 3 VerGp cos wirpt + - Ig cos wrot
to improve its linearity. It can be shown that reactive degener- 1
ation has better noise performance than resistive degeneration, + - G M Vrr cos(wLo — wrF)t
and that inductive degeneration is more current efficient than 1
both resistive and capacitive degeneration [9]. Inductively T G Vrr cos(wro +wrp)t+ - (12)

degenerated common-emitter driver stages also exhibit class

AB behavior, which can be exploited to reduce the bias curretite ((1/2)VarGas cos wrrt) and((2/#)Ig cos wrot) terms
required to meet thé_; g specification [6], [14]. Compared represent the RF and LO feedthrough signals, respectively.
to the differential-pair driver stage, the common-emitter drivédormally, the RF and LO feedthrough signals at the IF output
stage requires less bias current for the same transconductgrugs do not cause problems since the IF filter has high enough
and linearity [9]. The noise performance of the commorstopband attenuation to filter out the unwanted signals at high
emitter driver stage can be optimized in a similar way as tfieequencies. However, these feedthrough signals can produce
differential-pair driver stage of the double-balanced mixer. THarge signal swings at the IF output ports, and degrade the

impedance looking into the base of the driver stage is given B+14s by saturating the output ports. Hence, capacitors are
needed at the IF output ports to attenuate these high-frequency

feedthrough signals [6], [14].

Taking the IF output single-endedly or differentially does
not affect the linearity performance. However, taking the IF
With capacitive degeneration, thgwz/s)Z.) is a negative output single-endedly would increase the input-referred noise
real number. Negative resistance may cause oscillation.  contribution from the driver stage by a factor [@fx/2)?] (or

Alternately, the driver stage can be implemented by.9 dB) if the output noise power of the driver stage were
common-base transconductance stage [12]. Common-basastant across all frequencies. Since there is a dc component
transconductance stage tends to be more linear than commiarthe LO signal, noise from the driver stage at the IF can mix
emitter transconductance stage. However, the lack of currevith this dc component and increase the noise power at the IF
gain (or low power gain) makes the design very noisy becausetput ports. If the driver stage is inductively degenerated, it
the noise contribution from the switching pair is not attenuatebias high gain and noise power at the IF. In this case, taking the

The switching pair performs the mixing operation. ThéF output single-endedly would increase the NF significantly.
noise and linearity performance of the switching pair can Heherefore, the IF output of the single-balanced mixer has to be
optimized in a similar way as the switching quad of the doubléaken differentially (LO signal has no dc component) in order
balanced mixer. In contrast to the double-balanced mix& minimize the NF [6], [14].
which has no dc components in the LO and RF signals, theSince the RF signal has a dc component, noise from the
single-balanced design has a dc component in the RF sigr\é’. at the IF can mix with this dc component and increase the

If the IF output is taken differentially, the mixing process cafi0iS€ Power at the IF output port. Therefore, the LO signal
be represented by the following equation: should have low noise power at the IF. If an LO buffer is

used, bandpass or highpass load can be used at the output of
the LO buffer to reduce its noise at the IF [6], [14].

1
Zi=ry 4+ 2ot ——+ L7 (10)
sCr s

Ip = (IQ + VrRrG s cos wRFt)

2 2
X <} €08 wrot — o cos wrof + -+ ) C. Unbalanced Mixer

Figs. 10 and 11 show two different circuit topologies of
unbalanced mixers. The circuits are the simplest among the
(11) active mixers, and hence the unbalanced designs have the
lowest noise figures. In both topologies, the mixing operation

2 1
= — IQ cos wrot + — G Vrr cos (wLo — wRF)t
aw aw

1
+ - GrVar cos(wro +wrp)t+ -+ -
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Bias Stage |

RF
Filter

I l =

RF LO

Fig. 10. Single-transistor active mixer.

In this case, the driver stage has little gain and noise at the
IF. Similarly, noise from the LO at the IF can mix with the
dc component of the RF signals, and increase the noise power
at the IF output port. Hence, the LO signal needs to have low
noise at the IF.

IV. CONCLUSIONS

The definition of performance parameters that are relevant to
the design of RF downconversion mixers has been presented.
Their relationship with the system performance was discussed.
Three kinds of mixer topologies have been presented. The
unbalanced mixers have the best noise performance, but their
unbalanced nature prevents them from general use in mono-
lithic forms. The double-balanced mixers are the easiest to
design due to their fully balanced structure, but they have
the highest noise figure. The single-balanced mixers are a
compromise between the unbalanced and double-balanced

IF

LO—
r = =T TA
| Driver
RF —H Stage |
| |

(1]
(2]

(3]

Fig. 11. Dual-gate FET mixer.

(4]

is performed by modulating transconductances of the drives]
stages with the LO signals. The single-transistor active mixer
shown in Fig. 10 can also be implemented in FET technolog
gies. The LO signal modulates the transconductance of the
driver stage by varying the base—emitter volt&¥gr) of Q1.

In the dual-gate FET mixer shown in Fig. 11, the LO signalm
modulates the transconductance of the driver stage by varying
the drain—source voltagé/ps) of M;. The drain of M, is  [8]
typically biased at the edge between triode and saturati
regions to maximize the transconductance variation due to
the LO signal. This design cannot be implemented in bipolar
technology since the frequency response of bipolar transist&rd
is greatly degraded in saturation.

Since there are dc components in both RF and LO sifl]
nals, unbalanced mixers do not reject RF-to-IF and LO-to-IF
feedthrough. Hence, a capacitor is needed at the IF output port
to suppress these high-frequency feedthrough signals. Sifick
the LO signals are unbalanced, unbalanced mixers do not
reject LO-to-RF feedthrough. In the single-transistor activigs)
mixer shown in Fig. 10, the LO signal is injected into the
RF port through the RF filter. Hence, the magnitude of LO-td**]
RF feedthrough depends on the stopband attenuation of the RF
filter at the LO frequency. In the dual-gate FET mixer showfi5]
in Fig. 11, the magnitude of LO-to-RF feedthrough depenq%]
on the gate-to-draifiCqn) capacitance of\f;.

In unbalanced designs, noise from the driver stage at the[iF]
can mix with the dc component of the LO signal, and thus
increase the noise power at the IF output port. To reduce tr[1i'§]
IF noise, the driver stage has to be degenerated by a capacitor.

designs.
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