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A 1-V 4-mW Differential-Folded Mixer With
Common-Gate Transconductor Using
Multiple Feedback Achieving 18.4-dB

Conversion Gain, +12.5-dBm IIP3,
and 8.5-dB NF

Nandini Vitee

Pui-In Mak™, Fellow, IEEE, Jun Yin

Abstract— This article reports a novel differential-folded mixer
with multiple-feedback techniques for performance enhancement.
Specifically, we introduce the capacitor cross-coupled (CCC)
common-gate (CG) transconductance stage to improve the noise
figure (NF) at low power by boosting the effective transconduc-
tance, while enhancing the linearity via suppressing the second-
order harmonic distortion. Typically, the created loop gain of the
CCC can raise the third-order intermodulation (IM3) distortion,
penalizing the input-referred third-order intercept point (IIP3).
Here, we propose a positive and a second capacitive feedback
into the CCC CG transconductor, not only to suppress the
IM3 distortion current but also adds in design flexibility to
the input transistors. Furthermore, the positive feedback also
improves the input impedance matching, conversion gain, and
NF through a flexible design criterion. Prototyped in a 0.13-yum
process, the proposed mixer operating at 900 MHz dissipates
4 mW at 1 V. The measured double sideband (DSB) NF is 8.5 dB,
the conversion gain (G¢) is 18.4 dB and the IIP3 is +12.5 dBm.

Index Terms— Capacitive feedback, CMOS, high linearity,
mixer, positive feedback, third-order intercept point (IIP3),
third-order intermodulation (IM3) cancellation.

I. INTRODUCTION

HE nonlinearity of a wireless receiver can be dominated
by an active mixer due to the gain of the forefront
low-noise amplifier (LNA). During frequency conversion,
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undesired harmonics are also generated that coexist with
the weak desired signal, degrading the sensitivity of the
receiver. Yet, most active-mixer topologies suffer from a tight
tradeoff between the conversion gain (G¢), noise figure (NF),
and linearity.

To achieve better linearity under high G¢ and low NF,
a number of recently reported active-mixer topologies are
proposed with combined LNA into the transconductance stage
of the mixer. In [1], a noise-canceling approach from [2]
was adopted to achieve broadband input impedance matching
and low NF simultaneously. The circuits in [3] and [4] adopt
a resistive-feedback noise-canceling transconductor to enable
wideband operation with low NF and high linearity.

Recently, several narrowband high-linearity active-mixer
topologies based on second-order intermodulation (IM2) injec-
tion have been reported [5]-[7], achieving a third-order-
intercept point (IIP3) beyond +9 dBm and consuming between
4 and 5.8 mW of power. However, this IM2 injection
adopts an extra squaring circuit, which causes phase shift in
the generated IM2 signals and deteriorates IIP3. Moreover,
these works have been verified only through simulations
extraction, without impedance matching at the input—output
terminals.

Feedback is a widespread technique for linearizing
circuits, but at the penalty of gain and noise
degradation [8]-[11]. The second-order harmonic cancellation
in capacitive cross-coupling (CCC) [8], positive feedback [9],
and positive—negative feedback [10] can be applied to
the common-gate (CG) transconductor to cancel the third
harmonic, while breaking the tradeoffs between the input
impedance matching and the NF. However, high linearity has
to compromise with the gain and the power consumption.
Recently, a high linearity and high gain dual capacitor cross-
coupled (DCCC) transconductor with low power consumption
has been reported [11]. Since the second feedback entails a
direct voltage-to-current feedback loop between the drain and
the source nodes of the CG transistor, it creates a correlation
between the input impedance matching and the gain to the
feedback capacitance Cpgp, and the load impedance Z;,
resulting in suboptimal linearity. Moreover, this passive
capacitive feedback requires a large loop gain to linearize
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Fig. 1. Schematic of the proposed multiple-feedback transconductor. The
first capacitive feedback reduces the NF by increasing g, by a factor 2 while
saving the power consumption. The positive feedback together with the second

capacitive feedback suppress the IM3 distortion current and add flexibility to
the design.

the nonlinearities of the main circuit when compared with
the active feedback [12]. Thus, large load impedances can be
explored as an off-chip element, while varying the value of
Cppo to provide the required loop gain with a minimum tradeoff
between the gain and the input-impedance matching. Yet,
these bulky inductor loads are not viable to be integrated as an
on-chip component due to its low Q factor and large footprint.
Besides, it adds noise and degrades the linearity of the circuit.

In this article, we propose to use another positive feedback
loop for the DCCC transconductor to create an effective lin-
earization, while creating additional design flexibility without
compromising the interdependent performance metrics. Fig. 1
illustrates the single-ended model of our transconductance
stage. Due to the nature of the CCC configuration, the first
capacitive feedback structure improves the NF and reduces the
second-order harmonic of the transconductor with low power
consumption. The proposed positive feedback in conjunction
with the second capacitive feedback cancels the third-order
intermodulation (IM3) distortion while adding a new degree
of freedom in the selection of the operating region of the input
transistors while retaining the noise and G¢ performances of
the transconductance stage. Furthermore, the positive feedback
scheme introduced into the DCCC CG transconductor also
improves the input impedance matching, the NF, and the G¢
performances with a flexible design criterion. We combine
the proposed differential transconductor stage into a folded
mixer successfully validating the concept. We also adopt an
LC-folded configuration at the output of the transconductance
stage to maintain a high drain-to-source voltage in the input
transistors, while attenuating the low-frequency IM2 signal to
improve the linearity of the mixer.

We organize this article as follows. Section II presents and
analyzes in detail the proposed mixer. Section III summarizes
the simulated and the measured results comparing them to the
state-of-the-art mixer topologies, followed by the conclusions
in Section IV.

II. DESIGN AND ANALYSIS OF THE PROPOSED
MULTIPLE-FEEDBACK MIXER

Fig. 2 shows the full schematic of the proposed mixer that
implements the multiple feedback concept. The transistors M}
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Fig. 2. Schematic of the proposed multiple-feedback differential-folded mixer
(bias circuit not shown).

and M, are the main transistors, whereas transistors My—M7
form the pMOS-based LO switching quad and also construct
a current-steering structure raising the design flexibility. The
source of M| at one branch is cross-connected with the gate of
M, at another branch through the capacitor Cg;. The boosted
CG transconductor effectively reduces the second-order distor-
tion in the signal path due to the nature of the cross-coupling
scheme, while doubling the transconductance g;,1. The cross-
coupled capacitor Cpy creates another passive feedback path
other than the one created by Cp,1. The third feedback utilizes
transistor M> which creates a current feedback to enhance the
gain, the NF, and the input-impedance matching with an aid in
the freedom of selection of g,,1. With the positive and second
capacitive feedback, we are able to improve the linearity with
the IM3 signal suppression.

A. Input Matching and Effective Transconductance

Fig. 3 shows the equivalent half-circuit small-signal model
of the proposed transconductance stage for the quantitative
analysis. C), is the total parasitic capacitance associated at the
input pad, and at the source, and at the drain of M; and M>.
Can models the capacitive load defining the parallel combi-
nation of the dynamic and parasitic capacitors at the output
node. We define the impedance Z; by Rsw||jwLg||(1/joCan),
where Rs, is the output resistance of the switching transistors.
vx1,2 and vy1o are the source and gate voltages of M,
respectively. By setting g,,1(1 4+ Acr1) > joCpyp, the input
impedance becomes

Zin(jo)
. 1 1

- j C —&m Z H /
gmi(1+Acri) (1+4(]?)+%c_i22 d) Jols

joLs (1)
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where C, = C,+Cpy and Acr| = (Cpp1 — Cys1 )/ (Cpp1+ Cys1).
Cygs1 is the gate—source capacitance of M;. For Cpy > Cgs,
Acr1 ~ 1. In practice, we select the value of L to resonate
with the capacitance C, at the operating frequency, and thus,
the first term in (1) plays a key role in the input-impedance
matching. Complementing the condition for input-impedance
matching yields

1
gml = -5 (2)
" 2Rs(1 - ngst)

1
w%[cdn + Cpo + (Cbe/gm2st)]

where Ry is the terminating source resistance. When g,,,2 = 0,
gm1 1s constrained by the matching condition and the induc-
tance Ly is significantly dependent on the capacitances Cpy
and Cy;,. With the additional term g;,2 Rsy due to the positive
feedback, the input impedance can be varied, which also offers
a degree of freedom in the selection of the values of Cpp
and L, to set the reactance of the input impedance to zero.
Comparatively, we reduce the required load inductance L, to
the value of the load inductance in the DCCC circuit. Thus,
this allows the integration of L, on-chip which reduces the
silicon area.

It appears that the input-impedance matching condition
imposes two boundaries on the feedback loops as follows:
D |(joCpo — gm2)(Zal|ll joCpo)| < 1 which appears due
to the input stability condition from (1) and 2) gmoRsw < 1
which is due to the finite-input transconductance from (2).

At matching condition, the effective transconductance G,
(=iout/vs) of the proposed multiple-feedback transconductor
will be

Ls =

3)

8m1 _ 1 . 1
V14 ﬁz 2R (1 — gm2Rsw) V1+ ﬁz

where £ denotes the ratio of w,Cpo to gp2, With £ and gy
directly related to the G,, of the transconductance stage. Thus,
G, 1s limited in the conventional DCCC architecture due the
restricted g,,1 in achieving input-impedance matching, as well
as the selection of Cpp in providing a high loop gain for good
linearity. In the presence of positive feedback, g,1 can be
increased to a higher value than that of the DCCC topology to
reach a high G,, regardless of the input impedance matching.
The overall conversion gain G¢ is

|G (wo)| ~

“)

2
Gelmy) ~ ;gmlRL (1/ 1 +ﬁ2) (5)

at the frequency of interest.

B. Stability

The multiple feedback in the CCC transconductor imposes
a circuit stability analysis. This is often evaluated by a
return ratio (RR) approach defined as the difference ratio
of the output currents transconductor with and without the
feedback [13]. Assuming 2g,1 > jwCpp, the RR for the
proposed transconductor will be

2gm1Rs . 1
Chpo — Z . 6
(JoCpa gmz)( dll jCOCﬂqz) (6)

RR= ———
1+ ngle
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The second capacitive feedback and active feedback can
work as a single negative or positive, depending on
the selection of the feedback gain loop. We tune our
design to have a positive feedback by setting the resultant
(JoCmr— gm2)[(1/jwCpp)||Z4] lower than 0. The stability
condition of 0 < RR < —1 can be guaranteed with a proper
choice of the LC tank while meeting the input matched
condition (1).

C. Noise Analysis

Under the input matching condition, the noise factor (F') of
a single transconductance stage derived at w, is
7 1= gmaRew 7

F=1+=— - R 7
+a 1+ Acry +(ng2 s @)

where a is the ratio of the device transconductance to zero
bias the drain-to-source conductance and y is the coefficient of
the gate noise. The second term represents the channel-noise
contribution of M, reduced through Acr; and the positive
feedback. The third term shows noise induced by M; and it
is decreased by using a small g,;,2. Then, evidently the NF of
the proposed transconductor is smaller than that of a typical
DCCC transconductor.

D. Linearity

The transconductance stage will dominate the linearity in a
down-conversion mixer if we assume that the switching stage
is ideal. We use the simplified equivalent circuit of Fig. 3 to
calculate the IIP3 of the proposed transconductance stage. We
approximate Cg1 to a value much smaller than Cpy in order
that the second-order signal at v, has the same magnitude
and phase of the second-order signal at the gate node of M,
at another branch (see Fig. 2). Similarly, for the second-order
signal at the vy> and vg; nodes, the second-order nonlinear
transconductance of M, will be zero, g”nlvgsl = 0[11]. Hence,
the nonlinear drain current of M; and M> can be modeled by
the third-order Taylor series expansion as

iast ~ —gmi(1+ Acr)ox — gy (1 + Acpi)?02 + - (8)
idsZ = —8m2Vy — g;,lzvi — g;'/lzl)i + ... (9)

where vgs and vgs are gate—source and drain—source voltages,
respectively. gmk. g,,» and g, are the fundamental
transconductance, first- and second-order derivatives of
the k transistor transconductance, respectively. From (8),
the fundamental signal is amplified by the factor of (14 Acr1)
due to the g,-boosting feature of the CCC topology, and
the second-order nonlinearity is reduced to zero, so that the
second-order harmonic feedback effect to the IIP3 can be
eliminated. Yet, the third-order transconductance increases by
a factor of (1 + Acpi )3 when compared with the conventional
CG transconductor despite the reduction in the second-order
distortion. The third-order nonlinear signal defines the
IM3 distortion at low signal levels, and, thus, determines the
IIP3 of the overall circuit. Therefore, it is outmost essential
to minimize the third-order nonlinearity in the output current
signal to raise the IIP3 significantly. The relaxed second-order
nonlinear contribution to IIP3 in CCC topology will ease the
cancellation process of third-order distortions.
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To cancel the third-order distortion of the CCC
transconductor implies the utilization of additional positive
and second capacitive feedback in the CCC topology. With
these additional feedback in the CCC transconductor, another
IM3 component will appear at the drain current in addition
to the generated IM3 distortion signal. By a proper selection
of the biasing, the aspect ratio and capacitance Cpy of the
transistor M>, an equal in magnitude and opposite in phase
IM3 component appears with that in the main path at the
output current of the transconductor, resulting in the total
IM3 component to be smaller. In order to perform the
nonlinear cancellation, the third-order coefficient, g/, of the
transistors M1 and M, must be opposite in phase to each
other. With the inclusion of the second capacitive feedback,
the operating region of the transistors M; and M, can be
interchanged without degrading the other performances such
as G, NF, and at the expense of minimal additional power.
This will be explained in detail in the following description.

To theoretically verify the cancellation mechanism of the
proposed technique, the equivalent small-signal circuit of the
proposed transconductor as shown in Fig. 3 is analyzed using
Volterra series. For weakly nonlinear operation, the output
current of the transconductance stage can be presented as a
function of the input voltage vy by using Volterra series as

iont = G1(w) 0 v5 + G2 (w1, @) 0 v? 4+ G3(wy, w2, @3) 0 V]
(10)

o

where represents the Volterra kernel operator, @ denotes
the dependent frequencies, and G1, G2, and G3 model the
first-, second-, and third-order transconductance of the pro-
posed transconductor, respectively.

With a lengthy derivation, reported in the Appendix,
we obtain an expression for the Volterra kernels G, that
describe the nonlinearity of the proposed transconductor as

Gi(w)
__Za@) gm(l+Acr (@) = Yim(w) (a1
R Rgw V(CU)
Ga(£o1, Fon)

_ Zy(Eo1 F )
RV (tor Fm)

N I [gm1 (1 +Ack, (w1 F @2)) —Ypo(Fw) F wz)]] (12)

-8y B1(£w1)Bi (Fw2)

G3 (w1, oy, Fon)
_ Zy(F2m1 F )

T Raw V(X201 F o)

— 4 Vpa(£2
[ZT(izan Fan) T2 ”’2)}
{gry (1 + Acr, (201 F 02))* AT (£w1) A (Fan)]

X
+gm1(1+Acr, (£201 F @2)) — Yo (£201 F @2)]
g0, B} (£o1) B (F2)
+2g),,B1(Fw1)Ba(£o1, Fwn)] )
(13)
where Zr = Ry||jwLg||(1/jwCy). In (13), the first product

term represents the nonlinearity of M) where the third-order
nonlinear coefficient g/, increases by (1 + Acr1)’ in the
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presence of the CCC topology. While M, causes the additional
second and third product terms. On the other hand, the second-
order interaction term in (13) will be

B (Fw1) B2 (w1, Fw2)
1
= g[ZBl(iwl)BZ(iwl, Fw2) + Bi(£w2)Ba (w1, Fowi)l

1
= ng(iwl)Bl (w) x [2N(xw; F @2) + N(+2w1)]
(14)

where

gm1 (1 + Acri(w)) — Yo (w)

N(w) = Za(w) - V)

(15)
The term (2g,1 — Yp2) in the numerator of N(w) represents
the feedback that Cg,; introduces between the input and output
of the transconductor circuit. With an additional RF current
source, composed by the parallel inductor L; and capacitor
Cun, it is possible to minimize the low-frequency second-order
distortion by decreasing the value of Z; at the Aw frequencies.
Besides, the second-order nonlinear distortion still appears in
the differential structure although with a negligible amount.
Hence, G3(£w1, w1, Fwy) in (13) can be approximated at
the third-order distortion frequency as

G3 (o £ 01, Fn)
Zq(F201 F w2)

B RswV (X201 F w2)

— Yo (201 F
[ZT (£201 Fan) )
(1 + Acr, (£201 F 0))3g) A} (o)) Al (Fan)

m
+gm1(1 + Acr, (X201 F @2))
— Yo (201 F @2)]
-8/ B} (o)) B (Fwn)

(16)
In general, IIP3 can be described from (11) and (16) as

11 Gi(wr)
6 Ry | G3(wi, o1, Fon) |
(17)

IIP3(+w;, w1, Fan) =

Gi(wy) is typically fixed by the design parameters,
and therefore the high IIP3 is achieved by reducing
G3(*wi, £w1, Fwn). Referring to (17), if the second-order
distortion is completely eliminated, I[IP3 can be improved by
minimizing the composite g,;. As shown in Fig. 4, the sign
of g/ changes from positive to negative as the operating
region changes from the weak inversion to the strong inversion,
with the changing spot Vefr12 = 80 mV as the reference
point. In (16), we can deduct from basic circuit theory that
both A; and B; have the same signal. Therefore, by set-
ting the coefficient transconductances of transistors M; and
M, gl’;l,z with opposite signal while varying the capac-
itor Cppo, we can substantially reduce the IM3 distortion
components.

To simplify the equation, we attribute to Acr; an unity gain
value. Thus, (16) implies that IM3 distortion can be canceled
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Fig. 3. Small-signal equivalent half circuit of the proposed transconductance
stage.
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Fig. 4. Simulated g, of nMOS and pMOS transistors as a function of the
gate overdrive voltage Vegr. (W/L)1—2 = 60/0.13 um and V4512 = 1.0 V.

if the following condition holds:

B} (1) B (Fw2)
A (xo1) A1 (Fan)
g1 1/ Z1 (201 F @2)) + Yo (£201 F w2) .

4

&m2 2gm1 — Yo (£201 F an)

=38

(18)

The ratio between the drain and source voltages of the input
CG needs to match with the ratio of the component in
the right-hand side of (18). As an initial step, we fix both
capacitors Cpo and gate biasing of M, according to the
input-impedance matching and stability conditions leading to
a negative value of g”,. Thus, the gate voltage of M| varies
until we obtain the optimum gate overdrive voltage of M.
Fig. 5(a) illustrates the plot used to find the optimum Vg,
where the left and right terms in (18) are represented as K| and
K>, respectively. The maximum IM3 distortion cancellation
should be obtained when the magnitude K| = K». To validate
this, we perform the IIP3 simulation and measurement across
Vetf1 as shown in Fig. 5(b). The proposed mixer achieves an
optimum IIP3 at Vegr; of 50 and 55 mV, respectively, which is
reasonably close to the theoretical value of 52 mV predicted
by Fig. 5(a).

An extensive set of simulations were carried out to deter-
mine how the IIP3 of the circuit varies at different operating

IEEE TRANSACTIONS ON VERY LARGE SCALE INTEGRATION (VLSI) SYSTEMS, VOL. 28, NO. 5, MAY 2020
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Fig. 5. (a) Calculated ratio based on (25). (b) Simulated and measured IIP3 of
the proposed mixer with Wy /Ly = 125/0.13 um, W»/L, = 35/0.13 um,
Cpo = 280 {F, and Vegpp = 150 mV.

TABLE I
CIRCUIT PARAMETERS OF THE PROPOSED MIXER

Parameter | (W/L)ss Ly Ly O QO Cu C
(um) (nH) | (nH) (F) | @F)
Value 75/0.13 10 17 8.2 9.8 185 8.5

regions of M| and M5. Fig. 6(a) and (b) illustrates the 3-D plot
of the simulated IIP3 across the gate overdrive voltages of M
and M>. We selected the capacitor Cgp accordingly to provide
the required magnitude in (18) to attenuate the third-order
kernel of the transconductance stage output current. The size
of the transistors is also optimized to provide the necessary g;,.
In both designs, the capacitance Cyp1, inductance Ly, RF choke
(Lg and Cy), load (Rr and Cpr), and switching transistors
are set to be the same, and their parameter values are listed
in Table I.

As shown in Fig. 6, the high peaks of IIP3 are acquired for
certain optimum bias point at which the complete distortion
cancellation happens. For example, in case 1, for large Ve
and low Vg, we achieve the high peak IIP3 value around
Vetrt = 130 mV and Verp = 40 mV with Cpp = 390 fF as
illustrated in Fig. 6(a). In case 2, when M> is biased with a
large Vefr» while reducing Ve, the optimal ITP3 is obtained
at Vegr1 = 50 mV and Vegp = 150 mV with Cpp = 280 fF,
as shown in Fig. 6(b). Table II summarizes the device sizes and
other performances at these selected points. For case 1, there
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Fig. 6. Simulated TIP3 of the proposed mixer when setting
(a) Vefr1 > 80 mV and Vegpr < 80 mV with Wi/Ly = Wp/Ly = 60/0.13 um
and Cpy = 390 {F (case 1) and (b) Vetrp < 80 mV and Vegrr > 80 mV with
Wi/Ly = 125/0.13 pm, W)/Ly = 35/0.13 pum, and Cp = 280 fF (case 2).

TABLE 11
MIXER IN DIFFERENT B1AS REGIONS

Ve Ve gm gm Ci WiW,
(mV) (mV) (mS) (mS) (F) (um/um)
Case 1 130 40 28 3.25 390 60/55
Case 2 50 150 28 49 280 125/32
Ir Vop 11P3 Gce NF P1dB
(mA) V) (dBm) (dB) (dB) (dBm)
Case 1 4.4 1.0 15.0 18.1 8.2 -15.6
Case 2 4.0 1.0 16.0 18.4 8.3 -15.8

is a tiny drop in G¢ (~0.3 dB) due to f increment according
to (5). Besides, the NF is almost identical in both cases, as g;;»
is in a tradeoff with noise. Furthermore, the achieved IIP3 is
basically the same while maintaining G¢, NF, and P1dB
performances. These characteristics imply that the design
of the proposed transconductor allows the selection of the
operating region in the input transistors through the choice
of capacitance Cp and the gate biasing of transistor My ;.
Furthermore, the positive feedback in the DCCC
transconductor provides higher linearity through the
IM3 cancellation, which exhibits more flexibility in the
simultaneous optimization of the input impedance matching,
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Fig. 7.

Die microphotograph.

the conversion gain, and the NF instead of conquering the total
gain through the conventional method in the DCCC circuit.

When the transistor operates in a moderate region,
the required fundamental transconductance value is obtained
through the increase in its device size which in turn increases
the parasitic capacitance effect, however with the inductors
located at the source and the drain of the transistor My, this
effect can be nullified. However, the existence of the narrow-
band LC tank and the second capacitive feedback will limit
the operating bandwidth. Therefore, this technique is suitable
for narrowband applications.

III. MEASUREMENT RESULTS AND COMPARISON

The proposed mixer, implemented in 0.13-xm CMOS, fol-
lows the specifications and can be used as a building block for
a down-conversion receiver IC in 900-MHz TV applications.
Fig. 7 shows the die micrograph which occupies a die area
of 1.42 x 1.02 mm? including the pads.

To characterize the performance, we utilized on-chip wafer
probing. We also use an on-chip stacked 1:1 transformer-based
balun at the LO input to provide a differential LO input signal
with 0 dBm of input power, whereas we used an on-chip active
buffer at the IF output to realize the 50-Q output impedance
matching for measurement purposes. The measurement uses
an external RF balun to convert the single-ended RF signal
into a differential output. The measured power consumption
excluding the IF buffer is 4 mW at a supply voltage of 1 V.

Fig. 8 shows the measured and simulated RF input reflection
coefficient (S11) of the proposed down-conversion mixer. The
measured |S71] is less than 15 dB at 900 MHz.

We designed and simulated the reported DCCC architecture
and the proposed circuits to compare their performances,
with the same transistor sizes and load impedances for a
fair comparison. In DCCC, we optimized the capacitor Cp
and the bias voltage of the input CG transistors to operate
at 900 MHz. Fig. 9 exhibits the measured and simulated
conversion gain across the RF frequency of the proposed mixer
and the conventional DCCC transconductance-based mixer.
There, the conversion gain is equal to 18.4 dB, which has been
improved by ~3 dB with respect to the conventional DCCC
mixer. Fig. 10 illustrates the measured and simulated double-
sideband (DSB) NF. The simulated NF performance is better
in the proposed mixer with a 2-dB improvement, indicating a
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measured DSB NF of ~8.5 dB. The noise discrepancy between
the measurement and simulation results at low frequency is
mainly due to the starting operating frequency (10 MHz) of
the noise analyzer which is in the vicinity of the operating IF
frequency (50 MHz).

The measured input-referred second-order intercept point
(ITP2) of the proposed mixer result is shown in Fig. 11, where
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TABLE III

CORNER AND TEMPERATURE VARIATIONS
IN THE PROPOSED CIRCUIT (SIMULATED)

Parameters 1IP3 PldB Gc NF Power
(dBm) (dBm) (dB) (dB) (mW)
FF@-40°C 13.5 -19.5 20.5 7.6 4.7
FF@85°C 14.5 -14.7 14.5 9.7 43
TT@27°C 16.0 -15.8 18.4 8.3 4.0
SS@85°C 15.2 -12.5 12.0 9.5 32
SS@-40°C 13.8 -16.1 21.3 7.1 3.5

it obtains 69 dBm of IIP2. The mixers IIP3 were obtained
with a two-tone test, with the same amplitude and a frequency
spacing of 1 MHz (900 and 901 MHz). Fig. 12 shows the
measured and simulated IIP3 of the mixers. The measured
I1P3 is +12.5 dBm. This value also indicates that the proposed
mixer has —18.0 dBm measured 1-dB input compression point
(P1dB). As expected, the proposed architecture shows better
performances than the DCCC-based mixer. The discrepancy of
the simulated and measure IIP3 point could be affected due
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TABLE IV
PERFORMANCE SUMMARY AND BENCHMARK

Reference Process (um) RF (GHz) Gc(dB) NF (dB) (l;};:f) IIP3 (dBm)  Vop (V) Ppc (mW) FOM
[5]" VLSI’'16 0.09 2.4 9.8# 15 - +15.7 1.2 5.8 -14.9
[6]" VLSI’16 0.18 2.4 6.7 17 - +9 1.6 4.6 -20.8

[71"EL’14 0.09 2.4 22.1 13.2 - +17.1 1.0 4 -4.6

[14]"TCAS-I’13 0.18 2.1 15 14 - +15 1.8 8 -13.0
[15] TMTT 14 0.13 2.1 16.6 14.4 7-14.0 -5.24 1.0 2 -16.7
[16]"ISCAS’ 14 0.18 2.4 5 27" - +9 1.8 23.76 -38.8
[17] TMTT’13 0.13 0.3-1.2 8.8 4.8" -8.8 -0.8 0.9 24 -19.6

[18] EL’16 0.18 0.1-2.5 8.9 9.6 4 +5.8 1.8 3.74 -13.0
[19]JSSC’13 0.16 0.9 17.6 10.1™ 7-18.0 11.8 1.8 19.62 -133

[20] EL’18 0.13 0.3-3.0 15.8 8.6™ - 10.1 1.2 3.1 -5.6

This work 0.13 0.9 18.4 8.5" -18.0 +12.5 1.0 4.0 -4.0

*Simulated results ~ “"DSB noise  'Graphically estimated #Voltage conversion gain
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Fig. 13. 1IP3 Monte Carlo simulation results of the proposed mixers.

to variation in the design parameters and also due to the con-
structive and destructive interferences of several nonlinearities.

Table IIT summarizes the simulation results in different
process corner cases and temperature variations in the pro-
posed circuit. Optimization of the overdrive voltages of M
and M lead to a commendable performance even in worse
case conditions (FF at 85 °C and SS at —40 °C). In addition,
Fig. 13 plots the Monte Carlo simulation for IIP3 with process
and mismatch variations.

Table IV summarizes the measured results of the pro-
posed mixer in comparison with the state of the art recently
reported in CMOS. The benchmark followed this figure of
merit (FOM) [21]:

10(Gc(dB)/20) o 1IP3(dBm)—10)/20
10(NF(dB)/10) 5 Ppc(mW)

FOM = 101log (19)

The designed prototype mixer reaches the highest FOM which
indicates the effectiveness of the proposed linearization tech-

nique without compromising other performances, like the

conversion gain, the NF, and the power consumption.

IV. CONCLUSION

A novel multiple-feedback active mixer topology has been
introduced with concurrent improvement of the linearity, NF,
and conversion gain. The reduction of the second-order har-
monics in the CCC topology, along with the doubling of
the effective transconductance, allows this mixer to obtain
low noise and low power. The additional third feedback
composed by the positive feedback scheme contributes to
the relaxation of the constraints inherent to the conventional
DCCC CG transconductor. Prototyped in 0.13-um CMOS,
the mixer measures an IIP3 of +12.5 dBm in a two-tone
test, together with an NF of 8.5 dB and a conversion gain
of 18.4 dB at an IF = 50 MHz. The mixer consumes 4 mW
at 1 V.

APPENDIX

In this section, the distortion cancellation mechanism is
explained in detail by carrying out a Volterra series analysis
based on the harmonic input method. This theoretical analysis
facilitates the calculation of the frequency-dependent harmonic
distortion coefficient and provides an expression for the IIP3 of
the proposed transconductor. Referring Fig. 3, we conducted
the complete derivation of the Volterra series kernels for
proposed transconductance.

The node voltages can be expressed by Volterra kernels in
terms of the excitation input voltage v as

vy = A1(®) 0 vg+Ar(w1, @2) 0 02+ A1 (w1, w2, w3) 003 (20)
vy = B1(w) o vs+Ba(w1, @) 0 02+ By (w1, w2, w3) 003 (21)

=23 (@mi (1 + Acri (@) + Ye(@i) + Yao () + Yy)

=2 (gm1 (1 + Acri (@) — Ypa(ei)

2
2,-{:’13}1’1172(601') — &m2 ‘ Ap(w1,...n)

23
— 220 () + Ya(@) || Bu(@1....n)
nef3) -nef2,3}
Ysvs + g Nn — L2, Nin
.ne{3}
ldsl,NLn

(26)
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where A, (w1, s, ...,w,) and B,(wi, wa,...,w,) are the
Laplace transforms of the nth-order Volterra kernels of v, and
vy, respectively.

On the other hand, by applying Kirchhoff’s current law
(KCL) equations for each node of the circuit, the following
set of equations will be obtained:

Vs — Uy

Ux . .
= — Y, ) 22
R, Z (@) Ids + a2 + ﬂ)2(w)(0) +ox) (22
vy )
= — — Y] ) 23
Za(j) Ldsl ﬂJZ(CU)(U} + vy) (23)

where Yp, is the admittance of the capacitor Cpp and
Z,(jo) = joL||(1/jwC),). From Fig. 3, a nodal equation
at the drain node of transistor M| can be derived as

fout = _Uy/st~ (24)

From (24), the nth-order Volterra operator G, that describes
the nonlinearity of the proposed transconductance stage will
be

Gn = _Bn/RSW« (25)

Therefore, B, (w1, w2, . .., ®w,) needs to be computed to obtain
the G, Volterra operators in (10). We can solve (22) and (23)
recursively to compute kernels in (20) and (21).

To obtain the nth-order response of the circuit,
we established a matrix equation by referring (22) and
(23) as shown in (26), at the bottom of the previous page.
Yy, Y4, and Y, are the admittances of Ry, Zy, and Z,,
respectively. To acquire the first-order kernels, we set the
excitation voltage vy = 1.0 V and the nonlinear current
sources lgi{iji}n of the k transistor to 0. For the second-
and third-order kernels, we include the respective nth-order
current source idsk,NLn, n€{2,3} in the analysis with short-
circuited excitation voltage (vs = 0). 21{113} (fw;) represents
the frequency dependence of the passive components for the
second- and the third-order analyses; they will be +w; £ w>
or +w; + wy + w3 to the respective nonlinearity order.
Using Cramer’s rule, we can solve the nth-order Volterra
kernels.

The first-order Volterra kernels can be found from (26) as
1 14+ Acp(w)

Al(w) = —

R, V(o) @7
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Za(@) gm (1 + Acr, (@) — Yo ()
R; V() '

The function V(w) in the above equations is found to be

V(o) = (1+ Acr2(w))

Bi(w) = (28)

1
Zr@) + gm1(1 + Acri(w))
X Acr,(0) — Apr(w)
1+ Acr,(w)
(gm1(1 + Acr1(w)) — Yo (w))

where Acpz = joCpoZy and App = gm2Zy.

As mentioned earlier, to find the second-order Volterra ker-
nels, the second-order nonlinear current source is applied with
original input to zero. The second-order current source can be
related with the second-order transconductance coefficient as
follows:

(29)

id2,NL2 = & B1 (1) Bi(Fwn). (30

According to (26), the second-order Volterra kernels
Ar(£wi, Fan) and By(f+w;, Fw;) are then derived as
Ar (o1, Fwr)
I+ Acp (o1 F o) |,
= Bi(£w1)B 31
V (tor T o) gmaB1(£01)B1 (Fw2) (31)

By (£o1, Fwn)
_ Zy(Fo) F o)
V(to) F w2)
[gm1(1 + Acp, (o1 F 02)) — Yo (o1 F w2)] ]
-gr,B1(£w1)B1 (Fw) '
(32)

For a two-tone excitation at w; and w», the expression of
third-order nonlinear current source is given by

igsINL3 = —&miAl(Fw)A(Fo)A(Fw2)  (33)
id2,NL3 = 28,0 B1(Fw1) B2 (o1, Fwr)
+ gy B (01) Bl (F2). (34)

Similarly, we can derive third-order Volterra kernels from
matrix equation in (26) as shown in (35), at the bottom
of this page, where the bar indicates the averaging of the
transfer response over all possible permutations of the Laplace
variables. The desired nth-order transconductance kernels G,
can be obtained by substituting the respective kernel B,
into (36), shown at the bottom of this page.

1
14+ Acp (201 F an) (

Acp (201 F 2) — Apr(F201 F wz))
1 + Acr(£2m) F @2)

As(tor, 2o, For) = — 05 T S =gl (1 + Acr, (2201 F 02)) A2 (£o1) A1 (Fen)] (35)
+[g2 B (1) Bi(Fw2) + 2¢,,,B1 (Fe1) By (For, Fw)) ]
——— + Yo (201 F
[%T(i%m:FCUz) ol 5 ; )
Zg(£2 . 1+ A +2 A (w1)A
By(deor. o1, Fan) = a(£201 F o) g (1 + Acr, (201 F )’ AT(Fo1) A1 (Fw2) (36)

V(X201 F w2)

|

+lgm1 (1 + Acr, (£201 F 2)) — Yo (£201 F @2)]

g/, B} (£w1)Bi (Fwn) }
+2g,,,B1(Zw1) Ba(Fw1, Fwr)
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IEEE Asia—Pacific Conference on CAS—APCCAS’2008, the Vice President
(VP) of Region 10 (Asia, Australia, and Pacific) from 2009 to 2011 and
the World Regional Activities and Membership of IEEE CASS from 2012
to 2013, an Associate Editor of the IEEE TRANSACTIONS ON CIRCUITS
AND SYSTEMS II: EXPRESS BRIEFS from 2010 to 2013, and nominated
as the Best Associate Editor from 2012 to 2013. He was also a member
of the IEEE CASS Fellow Evaluation Committee in 2013, 2014, 2018—
Chair, and 2019, the IEEE Nominating Committee of Division I Director
(CASS/EDS/SSCS) in 2014, and the IEEE CASS Nominations Committee
from 2016 to 2017. In addition, he was the General Chair of the ACM/IEEE
Asia South Pacific Design Automation Conference—ASP-DAC’2016, receiv-
ing the IEEE Council on Electronic Design Automation (CEDA) Outstanding
Service Award in 2016. He was also the Vice President from 2005 to 2014 and
the President from 2014 to 2017 of the Association of Portuguese Speaking
Universities (AULP), and received two Macao Government decorations: the
Medal of Professional Merit (Portuguese, 1999) and the Honorary Title of
Value (Chinese, 2001). In July 2010, he was elected, unanimously, as a
Corresponding Member of the Lisbon.
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