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The MICROMIXER: A Highly Linear
Variant of the Gilbert Mixer Using a
Bisymmetric Class-AB Input Stage

Barrie Gilbert, Fellow, IEEE

Abstract—This paper outlines the basic theory of a development
of the Gilbert mixer. The bipolar junction transistor (BJT)
differential pair widely used as the RF input stage is replaced by
a bisymmetric Class-AB topology based on translinear principles.
It does not have inherent gain compression, affording a greatly

VPOS

extended signal capacity. The linearity of variants of the basic LO MIXER
form is excellent, providing two-tone intermodulation intercepts DRIVER CORE
as high as +30 dBm, without the expenditure of high bias

currents. It can operate on supplies as low as 2.2 V, with a power

consumption of under 5 mW. The input impedance of this mixer

is accurately controllable (typically 50 €2) and provides a true RF
broadband match. The noise figure depends on design details BIAS STAGE

and is generally not as low as in mixers specifically optimized
for noise performance, although acceptable for many receiver
applications. Inductively degenerated variants can be tuned to a
narrowband match at microwave frequencies and provide full-
mixing SSB noise figures as low as 6.5 dB. Practical realizations
are in use in applications to 1.9 GHz.

Fig. 1. Main elements of the standard form of the Gilbert mixer.
Index Terms— Active mixers, Class-AB RF cells, linear
transconductance, microwave mixers, modulation.
what may be required in handling large input signals without

significant intermodulation. Further, these RF stages do not
|. INTRODUCTION provide an accurate match to the source, even when using
IXERS have for decades played an indispensable rolarious types of impedance-transformation methods.
in communications systems as frequency-translationAccordingly, in Section Ill of this paper we present a basic
devices. At high microwave frequencies, rudimentary mixetspology, dubbed the MICROMIXER for reference purposes
based on a single diode are used. Below 1 GHz, discrete diof#- [3]. It follows the general form of the Gilbert mixer, except
and FET-ring mixers, various single-transistor forms (bipolaigr the use of a bisymmetric Class-AB RF stage. This provides
MOS, and GaAs), and dual-gate MOSFET types are very mughwell-defined matching impedance and much lower input-
in evidence. Systems integrated monolithically often userelated nonlinearity. There is no gain compression: rather,
topology called theGilbert mixer! which dates to the mid- the gain increases at high input levels. Section IV presents
1960's. Its RF input stage, usually a simple differential paivays to further improve the linearity and large-signal matching
(sometimes using emitter degeneration in the bipolar casbjough the use of optimal resistive and inductive padding.
sets fundamental limits to the attainable dynamic range. THisese techniques provide exceptionally high intermodulation
and other limitations of the standard form are reviewed intercepts. This section also discusses suitable biasing means.
Section Il
The small-signal linearity of this input stage, and thus the
third-order intercept, can be greatly improved using several
techniques, notably, the multanh doublet and triplet [1].
However, the 1-dB gain compression point still falls short of Fig. 1 shows the main elements of tls&andard formof
a Gilbert mixer. The inherently balanced structure and the
"\r/lr?en:i(t:ﬁg: ifse%veiit\r/]egn';elgfuggvi%%s 1I?]27?é2\§5:g0'\:aéé ég%é usa Use of differential-mode signals is apparent. Mixers of this
Publisher Item Identifier g 0018-9200(97)05760-0. " sort have been widely implemented in silicon IC’s and more
LPrior art by H. E. Jones was discovered following a patent application lwcently using GaAs MESFET's, SiGe or GaAs HBT's, or
the author for what is now called a Gilbert mixer, but that invention differeflOS devices. While this paper discusses silicon bipolar
in several ways from the mixer shown in Fig. 1, hgving been 'de\_/elope'd @mbodiments, it will be apparent that other technologies may
a “s_y_nchronoys demodulator,” and many of the' claims dealt with its variouys o . . . e .-
auxiliary details. Nevertheless, credit must be given to Jones for having biéﬁ utilized, and in the case of SiGe HBT, with no modification
the first to patent this basic form. to the theory.

Il. BACKGROUND
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The actual mixing process—ideally, pure biphase mudlifferential grounded-base input (often driven via a balun) can

tiplication—is implemented in the current-steering cellprovide input matching, which may be quite precise for small
QM1-QM4, the mixer core This is driven by Vi, the signals near the sensitivity limitHowever, this match rapidly
differential-mode local oscillator (LO) voltage at its basegleteriorates for large signals, contributing to mismatch-related
typically about 100 mV in amplitude, which is arrangedonlinearity.
to have a suitable common-mode level. The IF output is The lower reaches of the dynamic range are constrained
produced at its collectors in differential current-mode forrhy the input-referred wideband noise, usually expressed in
and is converted to a voltage at the IF load, whose impedarteens of noise figure. This too can be a misleading indicator
usually is chosen to provide maximum IF power consistemthen input matching is imperfect. Additional noise due to
with the voltage swing range allowable at the collectorshe switching of the four-transistor core and spectrum folding
with compression considerations in mind. Underneath thisotably image noise) must also be considered. Though there
is the RF stage comprising Q1 and Q2 biased by currentare many distinctly different noise mechanisms, their separate
source QC. The RF voltage-mode signal is converted igentity is often lost in practical measurements. In the design
differential current-mode form by this transconductance stagémonolithic mixers, it is important to understand, and thereby
and presented to the common-emitter nodes of the mixer carentrol, these noise sources individually.
The noise and linearity of the RF stage are crucial to mixer Mixer conversion gain is also an important parameter. This
performance. A useful aspect of this cell is that, in the absenicepacts the required noise and signal-handling performance
of emitter degeneration, the bias currdipt may be used to of the subsequent first IF amplifier stage. The nonmixing
precisely control the conversion gain. (“amplifier-mode”) gain, exhibited when the mixer core is put

The focus of this paper will be on circuit cells that replacento a simple “cascode” state by application of a large dc bias
the Class-A (limited range) type of RF stage of the standaadl the LO input, is determined by the ratio of the IF load
form with a Class-AB cell, which imposes basically no limimpedanceZir to the input matching impedandgy, and can
itations on the maximum input amplitude. The combinatiobe more rapidly determined in preliminary simulation studies
of these RF input cells with the mixer core of the standattian the mixing conversion gain, which will be approximately
form has been named a MICROMIXER. Though our emphasisdB (7 /2) below the nonmixing gain, assuming that the core
here is on the fundamentals, practical realizations will kis operating in an essentially binary (sign-switching) fashion.
constrained by the finite supply voltages (which, among other
things, set a limit on the permissible IF swing), the limite®. Signal Capacity of a BJT Pair
current-handling capacity in the active devices (determined
largely by the SPICE parameters IKF and RC), and the inp&é
compression levels of the following IF stage or second mixe(rB

Consider the RF stage in Fig. 1. It is well known that the
transfer characteristic of a simple bipolar junction transistor
JT) differential pair is a hyperbolic tangent function. The
voltage inputVgr may be expressed by the normalized vari-
ablew = Vrr/2Vr. The incremental gain is the derivative of
The upper extent of the dynamic range is conventionaltiie tanh(x) function, and has the form¥(u) = Gosech?(u),
defined by the 1 dB-compression point (usually expresseshere Gy is the peak gain, which occurs whérkyr = 0.
in power form, Ryg), which bounds the mixer's capacity toG(u) is 10% lower tharG, for a dc inputVgr =~ 17 mV at a
cope with large signal amplitudes, while extrapolated intetemperaturof 300 K (v = 0.327). This characteristic voltage
modulation intercepts, notably, the two-tone third-harmonis proportional to absolute temperature (PTAT); to remind us
intercept, 12P3, provide a basis for the calculation of thef that, we will write the value as 17 mVP. Note that it does
intermodulation in a complete signal chain. These metric®t depend on the bias currefif.
are notoriously misleading. Most modern RF stages do notThe third harmonic distortion, and thus the simple third-
conform to classical ideas about distortion, in particular, th@der intercept Pkl can be found as follows. Let represent
notion that it is generated by an essentiallpic nonlinearity. the normalized amplitudeZ/2Vy of a sinusoid RF input
Thus, the 12P3 is a function of the test level and may evdisinwt. Using a truncated power-series expansionttarh
improve at high input levels due to distortion cancellatiorwe can write
Further, the gain may actually increase again above thg P
point. The 1-dB compression point of the MICROMIXER
will often be determined by limitations on the output (IF) =u(l —u?/4)sinwt + («*/12) sin3wt. (1)

signal-amplitude, rather than by the RF stage. The output of the RF stage comprises a fundamental term of

The input port of the mixer shown in Fig. 1 does no : . . .
accuratelp mgtch the source, since its im Sdance is faiﬁ Jative magnitude, = u(1—w*/4) and the third harmonic,
) y ’ . P ) 3 = u®/12. For a “test’ input ofu = 0.01 (that is,
high and rather poorly controlled, being a function of the,” 0.01%51.7 MV = 517 uV), Hy = 9.99975 x 103
HF beta. On the other hand, the simpler grounded-base stage ) HY) L ) '
sometimes used in the singly-balanced mixer form, or a’Depending on the accuracy with which the bias current can be controlled,
thus directly on the resistor technology.

2Throughout this paper we will assume that these figures are referred tdIn considering operation over a wide temperature range, it is important
the input of the mixer, since this is where the fundamental nonlinearity arisés remember that most mixer parameters (gain-compression point, intermod-
for these structures; incidental compression may or may not occur at theul&tion intercepts, noise figure, etc.) are fundamentally strong functions of
load. temperature.

A. Limitations of the Standard Form

tanh(usinwt) ~ usinwt — (usinwt)®/3 - .-
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while H; = 83.3 x 1077, which is 101.6 dB lower. ExpressedD. Emitter Degeneration
as a power in 502, a sine amplitude of 517V corresponds g jinear range of the basic BJT differential pair in the RF

to —55.7 dBm(; so the Piloccurs at—4.9 dBm. An HD3 g546 is often extended by the addition of emitter degeneration
of —40 dBc (1%) is generated by an input of about 18 MVRygistors. These also introduce noise, so the question arises as

(—24.9 dBm re. 502). to whether the overall dynamic range can be improved. A study

We can determine the 1-dB compression point by setling ihs issue [1] shows a theoretical improvement is possible,
(1 —u2/4) = 107/20, yielding u = 0.66. This corresponds by an amount

to an amplitude of 34 mVP, 0+19.35 dBm. Using a higher

order expansion for théanh function, we findu = 0.718, (14 1.70)

corresponding to an input of 37 mVP, or an input power of 20 lgtm dB ®3)
—18.6 dBm (the Byp) if the input were matched to 0. Of

course, in the standard form of the Gilbert mixer, #yg will  wheres = IzRp/2Vr and R is the resistor added into each
be much higher. When the input is matched to the souregnitter. For example, let = 10 andI; = 1 mAP, requiring
(and this can only be approximate) through an impedangg, = 517 Q. The input-short-circuited noise spectral-density

transformation, the P1 dB will be considerably lower. would be up from 0.925 n\{/Hz to 4.25 nVi/Hz, a factor of
4.6, while the {4z would be raised from 37 mVP to about
C. Noise in the BJT Pair 663 mVP, a factor of 18.

Thus, there is nearly a 12-dB improvement in dynamic

In order to compare the fundamental noise performance af,ye nder these conditions. The effective input impedance

the MICROMIXER, we will further examine the RF stage of)¢ 1o RE stage is abow(w)(2Re + 4Vir/Iz), higher

Fig. 1. For an ideal BJT, having no ohmic resistances, all the, pefore, making noise-matching even more difficult. The

|nput.n0|se \,NOUId, b,e 'genera.ted by shot-noise processes. 69 of inductive degeneration is an obvious possibility in

the differential pair it is readily shown [1] that the collector, . q\hand applications, without a noise penalty. Such also

noise currents,/q/ acting on ther.’s of 2Vr/1; generate gones to transform the input impedance to an essentially

an equivalent voltage noise spectral density (NSD) of resistive form, at frequencies where the ac beta is essentially
f/fr. Note, however, that the linear dependence ofgheo

_0925nV/Hz ook (2) the bias current of the RF stage in the standard form, useful

Viz in realizing variable-gain mixers, is invalidated by all forms

of degeneration.

where I; is expressed in milliamps. Thus, thlehort-circuit

input voltage noise of the BJT pair can be lowered in onlg Multi-tanh Techniques

one way: by increasing the bias currefyf. There are two

ractical limits to how far the noise can be reduced b . . . : :
b Yal pair varies considerably with the instantaneous voltage

this means. First, there will often be constraints on power . . .
P .%etween the bases. Emitter degeneration reduces this depen-

expenditure: to halve the noise voltage requires quadrupli ) . :
P g q g P Hgnce, but does not result in exactly constant incremental gain.

the bias current. Second, above a certain value, another so%cde : - . . S
. ifferent linearizing technique uses the mulinh principle
of noise becomes troublesome, namely, that due to the base

currents of Q1 and Q2 flowing in the source impedarice, . I_t can exhibit very low distortion for mpderate s!gnal
. . : : . amplitudes and provide an extended ¥ while the noise
which may itself be purely reactive, that is, noise-free.

The ac base current noise for a single transistor operatin f|gyre increases only slightly and the variable-gain capability

. . qs preserved. Only the briefest review is appropriate here.
a collector gurrent ofc |s(\/2qIC)//3(w),yvhere/3(w) Is beta . The basic multikanh doublet uses two differential pairs,
of the transistor at some frequency of interest. The resulti

o N th opposing emitter-area ratios of, which introduce an
vol_tage noise 1S thereforeZs\/2qIC)//_3(w), which is SEEN ttset voltagé of +Vrlog A. The offsets split the twaanh
to increasewith the square-root of bias current. It is well

known that for a giverZs and 3(w) there will be an optimal functions apart, and, with the correct choicedfthe resulting

value of I-. The shot noise in the current-source transistcrornIOOSIte transfer function can exhibit a region close to

is not usually problematical, provided that the IF outputs®f — 0 over which the incremental gain is essentially flat,
: o e L resulting in essentially zero distortion for moderate inputs.
are processed as differential signal; this noise is common-

X : . It has been shown [5] that this unique condition occurs for
mode and causes only an inconsequential modulation of the

gm. However, this noise becomes extremely troubleso = 3.732. The integer ratio 15:4 (3.75) is close, and may be

) . a,good choice, since a low-noise RF stage will probably use
when only one of the two IF outputs are used (single-sided” .~ ". ) . :
. X multistripe transistor geometries (15e and 4e) to achieve low
loading). It can also be translated into the IF band by a stron . :
. . - ) . .. _vdlues ofryy. If we measure the dynamic range in terms of
blocking signal, sometimes posing a more important limitation

to receiver sensitivity than intermodulation effects [6]. ;heen;t}l/ov(\?; tf?r? d\{ﬁgttict) i?ien:g:iillen dpg;rs;zrrﬁstndoBlsfzrsBictral

Esn

As noted earlier, the incrementg},, of a BJT differen-

5If the source is a real resistance of, say,{50the voltage noise induced 8These offset voltages can be introduced in several other ways, for example
by the base-current shot noise will calculate the same, but we then needismg input emitter-followers with or without emitter resistances and PTAT
also include the resistor noise. biases (see [1]), but this method is convenient in a monolithic context.
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Fig. 3. Simplified input circuit.

T clockwise-facing junctions, obeying an ideal exponential law,
oz coM the product of the current-densities in each direction is equal.
Applied to Fig. 2, we find that
Fig. 2. The minimal MICROMIXER.
I5/(A1Ay) = I3 /(Az1Az) 4)

Many variants of the doublet have been used in mixer applihere, is the zero-signal bias current in Q1-Q3, atg is
cations. For example, fixegl, realizations have been deviseghe emitter area of transist6) . Fairly large transistors will
which combine the offset principle with emitter degeneratioge ysed for Q1-Q3 in order to minimize Johnson noise. If we
to achieve ultra-linear behavior. The idea can be extendedgg@sume their emitter area i times that of QZ1 and QZ2,
three (or more) pairs of transistors; the mukizh triplet is the quiescent bias in the RF stage will be simply= M1I3.

a very useful cell, providing further extension in the lineafhe small-signal input resistance is the parallel sum of the

range. But the extension inyg comes about only slowly with ;. °s of Q1 and Q2, which are ead¥y /1. It follows that the
increasing complexity. Furthermore, none of these varianfremental input resistance is

readily match to 502 and require impedance transformation
at their input. Rin = Vr (5)
IN — .
21,

Ill. THE BASIC MICROMIXER For a 50% input resistance, the unique value éf =

The MICROMIXER uses a quite different approach t358-5_uA must bg uged. Because of its per\./asive'importance,
extending the linear range. The mixer core is identical to th4€ Will name this bias valudzo. To maintain a giveniy
of the standard Gilbert mixer. The important differences lie Ve’ & Wide temperature range, the bias currents should be
the RF stage and the way it handles large signal amplitudEdAT: although closer analysis will show that some more
Fig. 2 shows the circuit in its minimal form. Q1 can besubtle shaping should be used to compensate for such device
viewed as a grounded-base stage. It delivers its oufput parameters as dc beta and junction resistances. The bias will
to the mixer pair QM1-QM2 in-phase. It caim principle, °ften be generated by a deligy; cell and converted to a
handle unlimited amounts of current during largegative current by a resistor therein, whose temperature-coefficient

excursions ofVaen. On the other hand, the current-mirror’mmed'ate_Iy becomes _that . .
subcell Q2—Q3 can handle essentially unlimited amounts ofThef noise for the |.deal case can pe found by simply
current duringpositive excursions ofVpy both at its input COMPINing the shot-noise components in Q1-Q3. Expressed
node and at its inverted-phase current outhytwhich drives S @ current, these are found to sum to

QM3-QM4. Acting together_, these tv_vo subcells. provide an Isn = /(3/2)y/2q1z = /3qI 7. (6)
overall transfer characteristic which is symmetrical to both

positive and negative inputs, and which iis principle not Assuming the source resistanfi is matched directly by an
limited by the choice of bias level. The differential currenqual incremental input resistance Bfx given by (5), the
output I; — I5 is linear with Ixr, although, as we shall see,total input noise voltage due to the input cell is

the individual currents are quite nonlinear. Vi
ESN = 2RINISN = E\/:SQIZ = VT\/(3q/Iz) (7)
A. Biasing and Small-Signal Behavior

To assess the fundamenttiapeof the behavior, we will
assume ideal transistors; greater realism can be added later, in Esn
progressive layers. Thus, at this point, we will conveniently Viz
ignore base currents. The adjunct branch comprising Q¥hen [ is expressed in mA. Fof; = 79 = 258.5 uA,
and QZ2 is biased byg. The bias decoupling capacitéfp this amounts to 1.114 n\/Hz, to which we must yet add
provides a low-impedance ac ground for the base of Q1 atite Johnson noise of the source, which is 0.912 y#Mz for
ensures that the HF bias noise is suppressed. the 50€2 case, resulting in a total generator-referred noise of
The translinear principle [4] states that, in a closed lodp44 nVA/Hz. This corresponds to a nonmixing noise figure
containing an equal number of clockwise-facing and countest 3.96 dB, a value which is easily shown to be independent

which evaluates to

:M atT = 300 K (8)
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of the choice of Ry, provided the matching condition ishow Ry depends on thgenerator voltageVgen. A fairly
preserved. However, since the distortion will be a functioaccurate approximation for this case is

of someabsolutepeak voltage, that is, a certain number of R Vi 1 14)
units of Vi, it follows that the choice of a reducd@, say, IN = 57—

25 €, resulting in a higher inpupower for a given voltage, 2z VA + (/22 + 1))

will result in a higher dynamic range. In practice, maintainingghere v = Vorn/Vr, to within £2.4% of the zero-signal

a broadbandRy of less than 502 will often be difficult at value Rin_o. For example, the incremental input resistance

high frequencies due to packaging considerations. drops to 13% ofRix_o for an instantaneous input voltage of
either +250 mV or —250 mV at the generator/ (= 9.67 at
B. Large-Signal Behavior T = 300 K).

We can begin an exploration of the large signal behavi(ar Other aspects of the MICROMIXER can be studied and

of this cell by considering first its response to a pure curreng\lezl()ped more efficiently through the use of simulation. This
y g P P can, of course, be as easily performed using comprehensive

drive Ixr applied to the input node. Fig. 3 shows the main_ . : PRIETR ;
translinear loop embracing Q1, 02, OZ1, and QZ2. Toaewce models, operating at “realistic” signal frequencies, and

. . . . . . can include all package parasitics and numerous other practical
simplify this analysis, without any loss of generality, we can b gep P

assume that all transistors are the same size and the pri complications. 'But our first objectivg rgmaing to explore the
bias current is now . In general, the input current will cause Sic personalityof th_ese cells, and .It Wlll.be |r_lstruct|ve, for

' ' the present, to continue to use highly idealized translinear
the collector current of Q1 to assume some valye# I, models?
while I, must be simplyl; + IgrF. '

Applying the translinear principle to this loop, we have C. Swept¥epy Exploration

Iz1; = 1Ii1> = I} (11 + IrF). 9 For the simulation studies, the high sidel@fry is coupled

_ _ . directly to the input node via a source resistadte (that is,

The soll_mon can be expressed mos_t compactly by deflnln%% is shorted) and the bias voltage at ndBds buffered by
modulation factorA = Igr/21z. We find an ideal voltage-follower to which the “low” side &y is

. 2 _ connected. Provided that the easy conditibmd 7; = A2 Az
h= IZ{\/()‘Q =M (102) is met, the voltage aB will be equal to that at the mixer’s
Iy =I{v(X + 1) + A} (10b) input node wherVgrn = 0. A further detail is important in

. . . . .. hoise studies, namely, that nof as well as the primary base
Note thatA may be of either polarity and is not in pnnmplenode, must be well-decoupled by a grounded capacitor. Using

bounded by the value of;. These currents are individually , . o -

) . this temporary artifice of a dc-coupled signal path, we can
nonlinear, as must be the case for any Class-AB circult. . : A .

probe the incremental values of important circuit variables as

However, provided that the current mirror section (Q2—-Q3 'nfunction of the instantaneous value of the RF voltdggsx,

F_|g. 2) IS Ime_ar, and assuming otherW|se ideal devices, t@v‘?‘nich here refers to the dc (perturbation) value to which is
differential drive to the mixer core is

added a zero-amplitude ac component.

Iy — I =2M\z = Igp. (11) Experimental techniques of this sort can generate valuable
insights by exploring the large-signal properties of an RF cell.
The voltage at the RF input node is Here,Vgen Was swept while observing the incremental ac gain
and input resistance and input-referred noise. The mixer core
Ve = Veez + Vrlog(lca/17) was “hung” in an extreme drive stat&io = 200 mV dc).
= Verz + Vrlog{yv/(A? + 1) + A} The IF loading circuit was given an effective transimpedance
— Vg + Vipsinh ™ A (12 of 1002 using noise-free resistorg/ {elements) of low value

followed by an ideal differential-to-single-sided converter; this
whereVzgy is the base-emitter voltage at the quiescent currdfterim test scheme avoids compression at the IF load, which
1. It follows that the large-signal incremental input resistan&n be studied separately.
is Fig. 4 shows some typical results using an arbitrary test
frequency of 300 MHz. The incremental gain increases with
Vr 1 . ; ) . X )
=5 (13) the magnitude oV kN since for either polarity of input swing,
2Lz V(A +1) ther. of either Q1 or Q2 decreases. As noted above, at very
This predicts that for a signal currefgy equal in magnitude high RF drive levels the increment&lx becomes asymptotic
to three times the quiescent bidsy will be only 10% of its {0 z€ro, as eithef; or I, becomes very high. Consequently,
zero-signal value. The analysis becomes transcendental as $86rincremental gain increases asymptotically towafddB,

as the source resistance is included, in seeking to determfggesting thahis RF stage will not exhibit gain compressjon
but rather anexpansionin the main-carrier output at high
’It is interesting to note that this four-junction loop is identical to thafirive levels. This is one of several unusual aspects of the
found in a simple translinear multiplier cell, in vector arithmetic circuits, as
the input stage of a common current-conveyor topology (using complementar? This method of layered discovery and development, particularly well-
devices), and even in the Class AB output stage found in numerous op-asuted to bipolar technologies, has been narredndation Desigrby the
designs. author.

Rin(N)
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VDB(OUT) o o Vg as
] T '

[ ‘ ! Ver =Ve + Vr sinh ™' X (12a)

'i“%
]

g where A = Iz /21z. To determine the input nonlinearity, we
, 1 —T can reverse cause and effect and calculate the valig;gf
J needed to cause a currefir, as follows:

Vign = IrpRs + Vpsinh™ X
= InrRs + Vp{\ + X3/6 4 (3/40))\° ---}  (15)
~ InpRs + Ve A+ VrA2 /6. ..

T
§
i
J

e A - . nusoi .
0 Loy Kes.e) * Now taking A to have a sinusoidal waveform, and noting that
N | J» | | for the matched conditio®Rs = Rix = Vy /21, we find
[
AT ; Vian/Vr = {2X — (A3/8)} sinwt + (A3/24) sin 3wt. (16)
2 ]
1 \ | The ratio of the third harmonic to the fundamentalVifiyy,
0 ] _:_><L( J % ) that is, the third harmonic distortion HD3, is thus approxi-
30 ——— ; 1 2
e [ ; ﬂ mately v-/48. o
“[L | To a close approximation, the peak value Kfy for a
T T 1 T | —30dBm/50%2 input is 200 pA. Thus, at7 = 300 K,
s — whenl; = Iz9 = 258.5 pA, the peak value of\ is 0.387,
o = ‘ 1 T and the theoretical HD3, which has not taken into account the
° 306 200" 06 0 W s many other distortion effects that will arise at high frequencies,
VGEN (mV)

evaluates to 3.1x 1072, or —50.1 dBc, from which we can

Fig. 4. Sweptvgix results for basic cell. Top to bottom: incremental gain€Stimate that the simple third-harmonic intercept PH3 will be
incrementalRyy; collector currents of)+, Qs; input-referred noise. at about—30 + (50_1/2) = —4.95 dBm/50.

MICROMIXER. The input-referred NSD fobgey = 0 is E- Large-Signal Measurements

1.44 nVA/Hz, as predicted by the first-order theory, but it Classical approaches to RF design and circuit analysis are
varies asymmetrically withVgex for reasons given later. based on the assumption that the active device parameters
Relative to the noise ofis = 50 Q (0.912 nVA/Hz), the remain constant throughout the signal cycle; the perturbations
amplifier-mode noise figure evaluates2@lgt(1.44/0.921) = in operating point caused by the signal are ignored. This
3.96 dB. Operating as a mixérfolding and harmonic noise assumption allows one to use small-signal modeling concepts,
will raise the single sideband (SSB) noise figure to about 8 dBuch asS-parameters. In practice, however, thisivea as-
sumption is not valid irany mixer, which is inherently very
D. Distortion of the MICROMIXER nonlinear when treated in its entirety. In a Class-AB input
structure, the “stable parameter” assumption is even less true.

Fig. 4 also shows the currenfs and I3. Their individual T . - ;
; S . N The intrinsic device speed when driven to low currents will be
nonlinearity is apparent. When driven at very high input Ievelfegraded leading to Fr)lonlinear phase effects, which may result
only oneof the two outputs will be active at any time (that ’ '

is, during the polarity reversals of the RF input). These sign'(gl a failure of the signal fragments to add correctly at the IF

components recombine in-phase at the IF output, after ezfc tput. However, though clearly of concern, all mixers suffer

. . .~ from such large-signal aberrations. Thus, in the simple Class-A
has traversedne halfof the mixer core. We need to conS|derRF stage of the Fig. 1 mixer, Q1 and Q2 undergo a significant

how this might impact the overall mixer integrit).lt was o ) : -
. . modulation in their dynamic parameters at high input levels.
shown above that the signal of importance—the algebrauz

Ic. 7 . ; )
. . - . sing modern low-inertia devices at signal frequencies well
difference in these two currents—is linear with respect to the 9 9 q

input current/gr. Thus, the signal distortion (for the idealize elow their maximum performance capabilities, these dynamic

case) will be almost entirely due to the nonlinearity betweenﬂon!meanhes are often tolgrable. L
Fig. 5 shows what we will call thdarmonic signatureor

Veen and Igy. It is for this reason that the greatest attentio”1e basic MICROMIXERL for a single-tone 300 MHz input

is given in this paper to the linearity d®y. X
We have already found that the voltage generated at #e9ing from—30 dBm to+15 dBm, re. 5. The top panel

input Vrr can be expressed with reference to the fixed voIta@eOWS the difference between the actual valiik) and the

xtrapolated value (EH of the fundamental output on an

9Neglecting the additional noise due to the switching action in the mix&Xpanded scale. As predlcted from the SWEREN results,
core; see [1] for an analysis. it becomes too high for increasing input levels. At very high
1ONote in passing that the widely used singly balanced mixer, having #@vels, where the averag@x over each cycle drops to almost
RF stage that is simply a grounded-base or grounded-emitter transistor, is not
only very nonlinear but is completely missing one signal polarity in its output 12The small amount of incidental second-harmonic distortion has been
at very high drive levels. omitted from these results for reasons of clarity.
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6dB , - dressed in the development of a practical device. Accordingly,
we will remain focused for the rest of this paper on improving
— the intrinsic behavior of the circuit, without a strong concern
for the limitations of a particular IC technology.

4dB

IV. IMPROVEMENTS TO THEMICROMIXER

2dB

A further extension in signal linearity can be obtained by
improvements to the linearity of the intrinsigrx and/or the
‘ use of restively- or inductively-padded schemes. The modified
0dB ‘ noise performance and practical biasing methods will be
described. An obvious way to stabilizéx would be to use

20 —r - e
10 1 l a larger bias current (thus lowering thgs) and then pad up

42 R D I A i the input resistance using a series resistor. Though clearly not
O S i e - | A optimal from a noise perspective, this solution is pointing in
> ! T E T i ; the right direction; it also lowers the inherent nonlinearity in

B 0 S L each of the currents.

60 - Reasoning that the. of either Q1 or Q2 diminishes for

:‘; 5l } — large inputs while the opposite gets very high, two padding

%0 resistorsRp, each of 502 (assuming that is still our target

-1oo i Rry) can be placed in each emitter, as shown in Fig. 6.
::;‘;_0 L ] ] \5 I il Having done that, we now must operate the transistors at

oBM Iz = 517 pAP, so that(r. + Rp)/2 = 50 Q. Clearly, this
Fig. 5. The harmonic signature for the minimal MICROMIXERz( = will not result in a constanfzn, but we can be sure that it
258.5..A). Top panel: Gain error of fundamental; bottom panel: fundamentawill be precisely 5 for arbitrarily large positive or negative
actual HD3, and extrapolations. values ofVogx as well as forVagx = 0. The current mirror

can now be converted to an emitter-degenerated form, which

zero, the incremental gain doubles. It follows that we cannmhproves its accuracy and reduces the effect of shot noise.
define a Pyg, unless we stretch the definition to mean a 1 dBhese resistors introduce a bias drop IgfRp (here, one
gain error (either highor low), in which case, it occurs at V), and we need to add corresponding resistors in the bias
—13 dBm. branch.

The third harmonic componentsHs well below the ex-  The simulation results of Fig. 7 show th&yy is 50 2 for
trapolated line EHl, and its magnitude relative to the fundadcrx = 0 and is again asymptotic to 502 for very large
mental actuallydecreasesat high inputs. The simple third- instantaneous inputsHl V), but it now peaks to 60.18
harmonic intercept PHis at —4.5 dBm, extrapolating from at 210 mV. Such a modulation oR;y is probably not
the —30 dBm level, where Kl is —51 dBc. It is shown in catastrophic, though as we shall see very shortly, better so-
[1] that, assuming a cubic nonlinearity, the input-referred twddtions can readily be found. The gain now digewn by
tone third-order intermodulation intercept 12P3 is 4.8 dB below0.83 dB (compare this to thiacreaseseen in the minimal
the single-tone intercept BHThis is a useful rule-of-thumb, MICROMIXER) at this same value of;gx before creeping
allowing shorter simulation times in preliminary evaluationshack up to O dB at very large inputs (rather than6 dB).
Here, the predicted 12P3 is9.3 dBm; however, actual two- This intriguing result suggests that there may be some interme-
tone measurements on Si and SiGe MICROMIXERs shatiate padding arrangement which exhibits even more constant
considerably better values, for exampl3.7 dBm at 1.8 GHz. input impedance and gain over moderate rangd&@ix. The

As noted, the incremental inputsistance Rixy of the total input-referred zero-signal noise, including the resistive
MICROMIXER can be set to 5@, or to higher or lower source Rs = 50 , is up to about 1.64 n\{/Hz, so the
values by appropriate choice of bias current, and drops amplifier-mode noise figure is 5.1 dB.
very low values at large positive or negative excursions of theThe harmonic signature for this case (Fig. 8) has some in-
input voltage. In practice, the inertial aspects of the transisti@resting artifacts. First, the gain at the fundamental frequency
will affect the input impedancg&y at frequencies above aboutnever drops below 0.55 dB of the ideal extrapolation, and
5% of the f1 of the transistor. Just as importantly, the packags high inputs it is asymptotic to O dB. Once again, there
parasitics will play a major role in determining the actual inpus no 1-dB compression point, but neither is there any gain
impedance in, say, L-Band operation. Attention must be givexpansion. Second, theszHs lower than for the minimal
to the two loops involving a) input node base of); — Cp  MICROMIXER, resulting in a higher PHof +7 dBm; the

— ground return and b) input node: emitters of(), and high-level H; is well below the extrapolation, so this figure
)s — ground return. may give a somewhat pessimistic view of the performance.

These are well-known practical aspects of layout and packhere is a deep notch insHclose to 0 dBm.
aging for microwave circuits, and it is assumed that whateverA value of 50 2 was used forRp in conjunction with
the final topology of the mixer, such issues need to be aa-bias current ofl; = 2179 = 517 AP, since we could
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Fig. 6. Input impedance padded by addition of emitter resistors.
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VGeN (mV) Fig. 8. Harmonic signature for the 30-padded MICROMIXER
(Iz = 517 pA). Top panel: gain error of fundamental; bottom panel:

Fig. 7. SweptVgpn  results for  50R-padded  MICROMIXER  fyndamental, actual HD3, and extrapolation.
Iy = 517 pA). Compare with Fig. 4.

) i ) . A. The Optimal MICROMIXER
foresee that would result in the n&x at high drives being . ) .
asymptotic to 5002. But a moment's reflection shows that e Will now explore the alternative option, namely, to
a higher value of Ry could be used, up to nearly 100 chooseRp inside the range 0O to 5(]2,_u5|ng_ anlz in the
for a 509 match, by increasing,; above2lo. Within the [aN9€lzo 0 2170 (258.5-517uAP). It is easily shown that
range502 < Rp < 100 €, the higher bias currents mightthe denyanve of the input resistance is unlquel_y zero (that is,
actually be useful in extending the bandwidth when usir@)nversmh from the genelrator voltag_g to .the signal current is
large (lowsy) transistors. However, the higher bias currenfi'fectly linear) when a simple condition is met, namely
require larger voltage drops across these resistors, which will Iy = 3 Vo (17)
eventually impact the minimum permissible supply voltage, 4 Rix
and the noise figure worsens. at which point the bias drop across each resistob;g2.
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Fig. 9. Incremental gain anf,y for various other padding conditions. ~ Fig. 10. Harmonic signaturé; = 390 pAP, Rp = 34 Q. Top panel:
gain error of fundamental; bottom panel: fundamental, actual HD3, and
extrapolation.

Thus for a 50€ input, this optimal solution occurs dt; =

1.51z0 = 387.75 pAP and Rp = 33.33 Q. In practice, 0.6dB A~
i

slightly higher bias levels will result in a useful improvement
in large-signal linearity.

Fig. 9 shows the incrementaky for I; = 390 uLAP
(Rp = 34 Q) and 430 uAP (Rp = 40 Q) over the range  gags
—-250 mV < Vgen < +250 mV, which for a sinusoidal
input would correspond to a loaded input power-8 dBm;
the previous result is also shown for comparison. The small-
signal linearity is near-optimal using; = 390 pAP, while 0dB = }
it remains flatter over more of this input range when using | |

Iz = 430 AP (maximum deviation oft-2.5 2). Note that S

the incremental gain follows a predictable inverse relationship = 2 - —— 1 ‘ ,

to the sum ofRs and Rin. For Iz = 430 AP, it varies by b ] i ; !

0.22 dB over this input range, and by only 0.003 dB over . |.....L

=50 mV < Vaen < +50 mV for I, = 390 pAP. 20 : -
The harmonic signature faf; = 390 pAP is shown in o R A VP i

Fig. 10. Again there is no 1 dB gain compression point;ds - RS [

instead, the gain increases #dl.2 dB at+15 dBm and is ig _ T

0.57 dB high at 0 dBm. The His extremely low, being P R n— \“’ (

—98 dBc at—22 dBm, resulting in a Pkof +27 dBm. An 90 o ’

unwelcome artifact of this response is that over the signal .. .= | |

range —22 dBm to+7.5 dBm the H now lies abovethe SCJ) SRR (R I (U . s

extrapolated line. Fig. 11 shows the results fgr= 430 uAP.

The fundamental output is even more constant, droppifg. 11. Ha;n}oni(;: Signatrriz = 430 MIAPf, RéJ = 40|Q- TODI panel: §
F gain error of fundamental; bottom panel: tun amental, actual HD3, an

by only —0.12 dB at -9 _dBm and rising t0o+0.63 dB extrapolation,

at +15 dBm. The H remains very low, now—78 dBc at

—30 dBm, resulting in a PHof +9 dBm. Furthermore, now

both the H (not shown) and K always remain below the Numerous simulation studies have been carried out to

extrapolations, and the JHis notably lower than for the last explore the intermodulation properties of this cell using a two-

case at high signal levels, being onh42 dBc at an input tone test input. Using the “optimal” bias of 390AP, test

power of +15 dBm. tones of 320 MHz and 340 MHz and a transistor with a TF of
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Fig. 12. TheT-padded form and bias details.
10 ps (fr = 16 GHz) the side-tone powers using test levels TABLE |
of —30 dBm are—92.8 dB below the \:vanted signals; I2PaRZ R L PH; D2P3 SSBNF Ru AC
thus evaluates te-30 + (92.8/2) = 16.5 dBm. As always, g o WAP  dBm  dBm dB Q 4B
caution is needed in interpreting results based on simplified (-30dBm) (-30dBm) (Vg = +100mV)
simulations, which nevertheless usefully servebtundthe o 3333 388 16.3 155 964 4900  0.088
best-possible performance. 2 3214 405 167 166 975 4923  0.067
3071 422 174 170 987 4931  0.060
The variation of input noise as a function of the bias current6 2935 441 180 175 1000 4942  0.051
has been explored over a wide range using an algorithmig 28 462 186 182 1014 4952  0.042
value of Rp = 2Ry — Vr/Iz. For the 50€ case, a useful 10 26.67 485 193 188 1030 4961  0.034
approximation for the total noise spectral density, referreg> 2333 °52 2.1 206 1075 4980 - 0.020
. : . e@g 20 647 233 224 11.25 49.90 0.008
to t.he generator, including that of the; source resistance, r 1667 776 245 253 1190 4995  0.004
resistors forRg, and collector shot noise, but excluding baseso 13.33 970 27.1 285 1275 4998  0.001

resistance or base shot noise, is

)

+_

2
Ey —{1 + 9(1 —expé) 51

x 1.44 nV/,/Hz (18)

whereé = (Iz—170)/Iz0. The value is withint-0.02 nVA/Hz
for all bias currents abovéz,.

16 GHz.

B. The Tee-Padded MICROMIXER

combinations and various performance criteria. In all cases
an input match to 52 (and thus a 0-dB relative gain) at
Vaen = 0 is provided. The 12P3 was determined for test
signals of 320 MHz and 340 MHz, each of eitheBO dBm
(+10 mV at the RF input) o-10 dBm @100 mV), in this
particular case using a transistor having an effectfyeof

From the point of view of realizability and robustness,

A further refinement to the design results when the paddimge are especially interested in solutions resulting in resistor
scheme just described is augmented with a series-connectetbinations that are integer multiples of a unit element. One
input resistor. The left-hand side of Fig. 12 shows this simpie particular stands out, namelyz = 647 uAP, Rz = Rp =
modification. The addition of?; alters the required value of 20 2. For this caseRn varies from 502 at Vopny = 0 and
Rp. Having chosenR, considerable latitude remains in thdalls only slightly to 49.9Q at Vapn = 200 mV (Vgr =
choice of;. Thus, the optimization space is rather large. Th&100 mV); the gain theoretically varies by only 0.008 dB.
cascode Q4 is added to equalize thg: of Q2 and Q3; it also This points toward very linear performance as a mixer, as
reduces the amount of LO voltage appearing at the emittengdenced by the excellent two-tone (320/340 MHz) results.
of QM3 and QM4 that couples back to the input. In practicdhe noise figure in SSB full-mixing mode is a moderate
however, the incidental inequality &%z may help to recover 11.25 dB.
some of the current gain in the mirror lost by reason of its A practical biasing system is also shown on the right of

finite ac beta, and the cascode may be contraindicated.

Fig. 12. It is based on an all-NPN delt&y (PTAT) cell [7]

The approach used in studying this circuit has been tightly integrated into the RF stage, resulting in precise biasing.
choose combinations that result in a null in the derivative an optimal realization, all resistors would be thin-film,
0G/dVgrn at Vgeny = 0, that is, in flat gain versus in- having good absolute accuracy and near-zero temperature-
stantaneous input voltage for small signals. Table | lists soroeefficient, for excellent control dRyy. The core of this cell is



1422 IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 32, NO. 9, SEPTEMBER 1997

94uA 132uA 94uA
2.3V min.

§15k §10k
QB3 |
16¢ -
2k éSk 8k§
QB4 |
12QDC\ l . T8p Hf&e
20p== e'rQBl

500 16¢ QB2 QB3
oo 3 120 2k p 8
2.5p T L 12¢
VRF T Q2 16¢ %12n T lop 1k ov
&

1.18mA  1.18mA 86pA 68uA  60pA  94uA

QM1 QM2 QM3 QM4

Fig. 13. L-band mixer using inductive degeneration.

QB7, QB8, and RB5. Loads RB3 and RB4 are equal. The duabise increases in direct proportion to temperature, not as the
loop amplifier establishek-7 = Ics = (Vrlog N)/Rps. The square root.
current-density in QB8 is replicated in QZ2, and becom£s  The component values shown in Fig. 13 provide a purely
times larger in Q1-Q4. Thufiix = Rz +{Rps/Mlog(N)+ resistive input impedance of 5Q at 1.6 GHz, for the opti-
Rp}/2. The PNP transistors QB2—-QB4 provide a cell-enablaum bias current of 1.18 mAP, at which current-density the
feature. They are entirely noncritical, operating at low currentgansistors used in these experiments exhibif.awof about 18
and may be lateral devices; they may be optionally replacefHz. In this bias scheme the current in Q2 is set up by using it
by resistors if the enable feature is not required. as the current-sensor in the loop enclosing the déla-cell,
Many subtle design issues remain. For example, we hag®2_QB3. This method eliminates the effect of the inductor
noted the importance of cancellation of the individual nonesjstance. An RF filter (2§%/10 pF) and beta compensation
linearities of the two output currents and /3, but not yet (e g k) in the base of QB3) are included. The bias loop
addressed the effect of the finite ac beta (which is oftgpeqs special attention to HF compensation. This bias system
very low, being roughlyf/fr), particularly in the current .5, gperate at supply voltages of under 2.5 V.
mirror section. _Thls is addressed in the. circuit shown in Slight compression is evident in the harmonic signature
Fig. 12 by the inclusion of the resistdks in the base of (Fig. 14): the fundamental dips to-0.93 dB at an input
Q2, whose theoretical value should ®€r/I;. This restores of about —2 dBm before rising again. The input-referred
the overall unity ratio of the mirror, while it also slightly ingle-tone third-order intercept is at10.2 dBm, and the
raises the input impedance of the mirror section, particularr?y. ) tral-density is 1.22 nyHz for a.n am Ii’fier-mode
at high frequencies, which has the further useful effect Op!se Spec Y ' P
compensating for the finite alpha of Q1. However, ther%oge'ﬂ.gurle. of ?I'G dBt' hi fh " i handii
is a significant noise penalty, and a lower value may l% recise finearity matching ot the separate sections handiing
necessary to achieve a compromise between a reduction .posmve gnd negative input excursions WII.I always.be a
beta-sensitivity and the increase in noise. critical factor in any Class-AB RF structure_. It W!|| be C_)bVIOUS_
that two of these RF stages may be combined in a differential
manner to effect further improvement in linearity through
C. Microwave Variants a cancellation process based on symmetry and component

The use of monolithic inductors in place of the degeneratidR@tching. The input impedance—now measured between the
resistors Ry is clearly a useful alternative in microwavetwo “floating” input nodes—may be readjusted to any desired
applications. A low@ is not a disadvantage here. Using/@lue; the input port must now be driven differentially, typ-
typical metallization technologies, the series resistance is i6@lly using a balun. Both the noise spectral density and the
the order of 1 per nanohenry. Thus, the inductive reacsignal handling capacity will increase. Further considerations
tance and resistance have the same magnitude at a frequéatgte to embedding this cell into an integrated circuit package,
which is the solution of the equatio?w fz (nH) = = (Q), Which brings with it numerous important complications arising
or, f ~ 160 MHz. Accordingly, these components remairirom lead inductances and their mutual coupling, and the
essentially inductive above about 1 GHz. Note in passing thratiny parasitic capacitances associated with the input path,
the metallization resistance is roughly PTAT, so the Johnsorcluding those due to ESD devices. These and other issues lie
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The MICROMIXER is not a panacea. More recent develop-
ments in active mixers—along quite different lines—provide
considerably lower noise figures while still maintaining excel-
lent linearity and variable gain, to be reported at a future time.
Its chief attraction lies in the very high intercepts that can be
achieved, making the topology of potential value in transmit
modulators and other high-level applications. However, at mi-
crowave frequencies the use of on-chip inductive degeneration
allows these benefits to be preserved while lowering the noise
figure back into a range appropriate for receiver applications.

0dB

-0.3dB

-O.SdBiﬂiﬂ 7 ] \
\

-0.9dB

dB -5¢

-110
-120 |

(1]

Fig. 14. Harmonic signature for the L-band variafi; (= 1.18 mA). Top [2]
panel: gain error of fundamental; bottom panel: fundamental, actual HD3,
and extrapolation.

(3]

beyond the primary objective of this paper, which has been tt#]
outline the general conceptual and theoretical framework of the
MICROMIXER and point to some new areas for developmentys)

V. CONCLUSION

The MICROMIXER topology provides an accurate input[ﬁ]
impedance, high intermodulation intercepts, and an almost
unlimited signal capacity at its input, arising from the usel’]
of a Class-AB topology, while maintaining acceptable noise
performance. This paper has provided a brief overview of its
potential. The results are based largely on simple models of
the devices, in order to better compare the variants on a similar
basis, without the coloration introduced by complex dynam
effects, and as an aid to the development of insights leading
improved topologies. It is clear that if the fundamentals are n
right, there is little benefit in proceeding to the later steps
adding the greater realism captured in the full transistor mod

Nonetheless, for modern low-inertia transistors (that is, ha
ing few-picosecond transit times and few-femtofarad capa
tances) operating at sensible bias currents, the “low frequen

s
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