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Abstract — This paper presents an approach to simultaneously cancel flicker noise and IM3 in
Gilbert-type mixers, utilizing negative impedances. For proof of concept, two prototype
double-balanced mixers in 0.16um CMOS are fabricated. The first demonstration mixer chip was
optimized for full IM3 cancellation and partial flicker noise cancellation; this chip achieves 9dB
flicker noise suppression, improvements of 10dB for IIP3, 5dB for conversion gain, and 1dB for input
Pigz while the thermal noise increased by 0.1dB. The negative impedance increases the power
consumption for the mixer by 16%, and increases the die area by 8% (46x28um”). A second
demonstration mixer chip aims at full flicker noise cancellation and partial IM3 cancellation, while
operating on a low supply voltage (0.67XVpp); in this chip, the negative impedance increases the
power consumption by 7.3%, and increases the die area by 7% (50x20um?). For one chip sample,
measurements show >10dB flicker noise suppression within +200% variation of the negative
impedance bias current; for ten randomly selected chip samples >11dB flicker noise suppression is

measured.

Index Terms —Active mixer, flicker noise, direct conversion, CMOS, narrowband, receiver, IIP3,
linearity, IM3, distortion cancellation, noise cancellation.

I. INTRODUCTION

CMOS active mixers have high gain but also suffer from high flicker noise as well as from low

linearity. While high flicker noise causes serious sensitivity degradation especially in narrowband
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direct-conversion receivers, mixers with poor linearity limit the dynamic range of the receiver.

Three major techniques have been presented for flicker noise reduction in CMOS active mixers:

1. Dynamic current injection [1-2]: a pMOS cross-coupled pair injects current into the NMOS

mixer transconductor stage only at the switching on/off instants (at 0.5T ) in such a way that

no DC current flows through the switches then. This is reported to suppress the flicker noise

leakage from the switching pair.

2. Double LO switch pairs [3]: extra switches in series driven at 2LO frequency are used in such

a way that during the switching period little DC current flows through the major switches that

are driven by LO signal, thereby reducing flicker noise leakage.

3. RF leakageless static current bleeding with two resonating inductors [4]. Two inductors are

connected between the mixer transconductor stage and the current bleeding circuit. The

inductors resonate out the tail capacitance and reduce the RF signal leakage to the current

bleeding circuit.

In Technique 1, a large LO swing and large headroom is required, increasing the LO power and

decreasing the conversion gain due to the use of small Ry,,q [1]. Technique 2 needs a stack of three

transistors plus the load, which is not suitable for deep-submicrometer technologies with low supply

voltages. Technique 3 needs two inductors which consume significant die area. Common to all the

techniques in [1-4] is that the effect of the transistor output resistance on the flicker noise leakage is

neglected.

In technologies with long-channel transistors where the output capacitance of transistors is

dominant in the transistors’ output impedance at RF frequencies, the effect of output resistance on

flicker noise leakage can be neglected [1-4]. However, nowadays CMOS technologies offer



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) <

transistors with f; well above 100 GHz, at the same time with lower transistor output resistance and
lower supply voltage [5]. Neglecting the effect of output resistance in deep-submicrometer
technologies can yield a significant underestimation of the output flicker noise [7]. Taking into
account the effect of both output resistance and output capacitance on flicker noise leakage, in this
paper we propose a combined flicker noise/IM3 cancellation technique that uses a negative impedance
to minimize the flicker noise leakage from the switching pair and to simultaneously improve the
linearity. Section II presents the circuit theory behind this flicker noise/IM3 cancellation technique.
Section III and IV show a circuit implementation and the measurement and simulation results; the

results are summarized in section V.

II. FLICKER NOISE/IM3 CANCELLATION USING A NEGATIVE IMPEDANCE

A. Flicker noise leakage in Gilbert mixers

The double-balanced Gilbert mixer shown in Fig. 1a is widely used as the active downconverter in
CMOS receivers. Transistor Ms,/M;, convert v, into current that is commuting via switch pair
M./M,, and M;,/M,, respectively. The flicker noise output of the Gilbert mixer, vﬂ_out(t), it
dominated by the switch pair M;/M,, while transistor M; is causing thermal noise folding [6-7].
Assuming perfect symmetry in the mixer, the flicker noise leakage mechanism from each switch is the
same: it is hence sufficient to focus on flicker noise leakage from one of the switch pair transistors. In
[7] the time-varying small signal model shown in Fig. 1b is used to analyze the flicker noise

contributed by M, in one LO period at the mixer output (vfﬂ/ll’loaut(t)). The flicker noise of My, is

Miq

modeled by the equivalent gate-referred root mean square (rms) noise voltage Vg im- Fora first order

Miq

approximation of Ve outs A few assumptions are made:

e The LO signal is modeled by a trapezoid shown in Fig. 2a with a rise/fall time (e.g. ts-t;)
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equalto a-Typ.
e In (t;, to), My, and My, are off while in (t3, t4) M, and My, are off.

Taking into account the transconductance of M;, M, and M;, and the output admittance of M; (Y;:“ =

LO

g?{?“ +jwro Cﬁ?“), the flicker noise contribution of My, at t;, TT and t; in Fig. 2a are given by:

Miq M3q, Miq
pMia T 9m  RLYpT Ve )
= M M
floout t, gm1a+yds3a .
1
Miq _ _ Mg Miq
Yfiout|rre = ~9m Rval.in TLo 2)
2 2
Miq _
17fl,out =0 (3)

t3

In (t;, t,) M;,and M3, form a cascode amplifier. Due to the finite output impedance of M3, in deep-

submicrometer CMOS, the noise contribution from the cascode transistor M;, given by (1), cannot be

neglected. In (t,, t3) both M, and M, are on, while at TLTO M, and M,, act as a balanced differential

pair. In this period of time, the output impedance of M; has a negligibly small effect on v;vll'loaut as

shown by (2). In (t3, t;) My, is assumed to be off, thus v;vll'loaut is zero. Note that the integral (or area)

My

of vﬂ‘oaut(t) shown in Fig. 2(b) and (c) corresponds to the flicker noise leakage that involves no

frequency translation [7]. As a result, the flicker noise at the mixer output contributed by M,,/M,, and

Mlb/MZb 1S
Tro u Tro " 2
Srrout = 4 X Jo Re vﬂ_loaut(t)] dt +j X Jo Im [vﬂ’loaut(t)] dt
2
=2 M M — oM _Two\. M
=752 % (t2 — t1) Ufl,10aut|t1 Tt <'7ﬂ,10aut 10 = YfLout t1> + (ts 5 ) Veiout|re| (4
2 2

For the symmetrical LO signal shown in Fig. 2a, with a rise/fall time equal to « - Ty, the time
instants t;, t, and t3 can be rewritten as t; = aT;p/2, t; = (1 — )T /2, tz = (1 + )T /2.

This enables rewriting (4) into
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M M
Strout = ‘(1 —3a)- vflloaut f + Zavflloaut

®)

TLo

B.  Negative impedance for flicker noise cancellation

To minimize the integral of 43 out(t) in (4) --- hence to minimize the flicker noise leakage --- we
apply a negative impedance Yyeq = Gpeg + jwCrey between the drain of Ms, and M3, as shown in

Fig. 3. Using the model shown in Fig.3Db, this yields a different vﬂ ue for the time interval (t;-t,):

_ Miq Mi1q
va Im "R (Y +2Yney) Velin ©6)
= M
floout t1 gm1a+Ydsga+2Yneg ‘.
M1a M Miq
fl out TLO Im Rval in|TLo (7)
2 2
Mla _
Vrout|, =0 (8)

M3zq_ _Miqg M3q

Eq. (6) shows that for C,eq = —0.5C;q;; and Gpeq € —Jas z_gm , —g;s the sign of the real part

of 17fl out

changes from negative to positive (a detailed derivation is presented in the appendix). At
1
L9 the negative impedance has no effect on v;vll'loaut as shown in (7) since M;, and M,, act as a
balanced differential pair. In (t;, t;) M, is off, thus U% e 18 zero. Now the new approximated
waveform of 43 out(t) is shown in Fig. 4b. The negative impedance Y., changes the real part of
vfﬂll’,loaut in (1, ty) from negative to positive value, which enables minimization of the area of vfﬂll’,loaut(t)
in one LO period. This leads to the cancellation of the flicker noise leakage from the switching pair

(M1/M,, and M;,/M,,). For a complete flicker noise leakage cancellation, (5) equates to zero.

Together with (6-7), this equation gives the condition for complete flicker noise leakage cancellation:

M
G gdsga _ “Qrﬁla
neg = 2 (1-a) )
C — _ Crau
neg — 2

Note that for complete cancellation across process and temperature spread, Gy, should track the

variation of the sum of gy and g, and C,, should track C.
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C. Negative-impedance impact on gain and thermal noise

It was derived in [7] that the first-order Fourier coefficient of the instantaneous voltage gain
FM3(t) = vyyt/Vin in one LO period corresponds to the conversion gain of a mixer. Using the model

shown in Fig. 5a, a sufficiently accurate approximation of FM3(t) is given in Fig. 5b with

FM | _ngagM3aRL (10)
3 — m m
t1 grﬂzla+yé\:3a+2yneg ‘.
2
FMs|, = —FMs|,, (12)

At (t1, 1), Mo/My, are off and M;,/M;, and M,/M3, (see Fig. 3(a)) forms a differential cascode

common-source amplifier. At (t;, ty) M/Myp are off and M,,/M;, and M,,/M3, form a differential

. T .
cascode common-source amplifier. At % M./ My, and M;,/M,, are on and there is no output due to

the differential symmetry. This yields the voltage conversion gain

__ 2sin(an) __ 2sin (am) —g%lag%”RL

V,gin = ———FMs|, =
gain 2 ty 2 M1q,M3qa
nca nca Im +Yds +2Yneg

(13)

ty

Equation (13) shows that the conversion gain is increased under partial flicker noise cancelling

M3zq_ _Miqg M3q
“Y9d4s ~Im “Yds

2 )

condition (Gpey € and Cpeg ~ —0.5C;q;; ). The reason for this increase is that

G increases the output impedance for the gm stage and as a result more RF signal current flows to

the load Ryyag.

.Y,
i neg

tha and

Fig. 6 shows the noise model for the mixer, where two non-correlated noise current

Yneg

b model the noise of Y, Note that the noise of the negative impedance contributes to the mixer

output by the same transfer function as the noise of Ms,/M3,. Therefore, Y,., only contributes to
thermal noise while no flicker noise leaks to the output for a symmetric mixer. As a result, the mixer

thermal noise is dominantly contributed by the thermal-noise folding of: Ms,/M3s,, M1/ M1y, M2./May,
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the load Ry.q, the input source impedance R, and the negative impedance Y. Assuming perfect
input matching, the single-side band noise figure (NF) for high IF (thermal noise dominated) is then
given by

25M3a,out + 4'SMla,outf + SRs,out+SYneg + SRload,out (14)
O-SSRs,out

. , 2 Yneg\ 2
(ith3a)2 +4x (gd3 + ZGneg)lthla + kTRS + lth g + 4kTRload
Ims3 Im19m3 9Im3 (1 _ _) |F 3| |
ty ty

NFggp =

kTR,

where the five terms respectively account for the thermal noise from the transconductor stage M3,/Msy,
the thermal noise from the switching stage (M;./M;, and M,,/M,,), the thermal noise from the input
source impedance R, the thermal noise from the negative impedance and the thermal noise from the
load. Although the extra noise by Y, increases the thermal noise NF, due to the increased conversion
gain (larger FM3|, D the input referred noise due to the load Ry,qis decreased. As a result, the

thermal noise increase due to Y., can be small.

D. Negative impedance for IM3 distortion cancellation

It is shown in [7] that the IM3 of the time-varying mixer can be estimated by one time-invariant
IM3 calculation at the maximum of the LO signal. The circuit model shown in Fig. 7 is now used to
demonstrate the concept of using negative impedance for IM3 cancellation. When the LO signal
reaches its positive maximum at t;, M;,/Mp, are fully on and M,,/M,, are fully off. The IM3 distortion

Mqp  Mzq Ms3p : :
current lIM3 . Ims»> Ups and i,77 are generated by the voltage swing across the transistor

. . . . . . Mg Myp __ My
terminals. Given the differential circuit topology we can assume i, = —i;5 = i;/; and
:Mzq _ _ :Mzp __

Iis = —lys = l1M3 For a first-order approximation, only the transconductance of M;, M, and Mj,

and the output admittance of M3 are taken into account, which yields

M
M3 _ ~29m Ry My ‘Z(Yds3+2Yneg)_RL M (15)
out = "My, M IM3 My M IM3
Im Y 3 +2Yneg I +Y3 +2Yneg
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M3
Mzq . M3zq Vin —9m Vin
iM v (16)
M3 = ( ds ) fI [ ) (9%1+Y£:3+2Yneg)]
l ( Mla lea) =fM1 gTMn3viTl _g‘rMn3( 1+g%1RL)vi‘n (17)
M3 = ds M3 2(g%1+Y£Z3+2Yneg) (gm1+y +2Yneg)

Equation (16) and (17) describe the fact that via transistor nonlinearity (denoted by the function f;)
the distortion current of a transistor is due to both the voltage swing across its gate-source and to its
drain-source voltage swing (assuming the distortion related to the bulk-source voltage swing is

insignificant).

M3zq_ _M1q M3q
“Y94s ~Im “Yas

2 )

For Gpeq € and Crpeg ~ —0.5Ctq 1,

* Eq. (16-17) show that the gate-source and drain-source voltage swing respectively for M;, and
M3, have the same polarity. Thus i%jg and i;le3 have the same polarity, given that both My,
and M3, are biased in the saturation region.

* Eq. (15) shows that the gain factor for distortion currents i%jg and i;le3 have opposite

signs. This enables cancellation of the distortion contributions caused by i%j3 and i%,}3.

Equating (15) to zero gives that for a complete IM3 cancellation

M3 My .M3
G — _ Y9 _ 9Im ‘d
ned 2 2yt (18)
— _ Ctail
Cneg -
M3q_ _Miq M3q

“Y94s ~9m “Yas
2 ’

Under partial IM3 cancelling condition (Gpeq € and Cpeg = —0.5C4q;;), the
distortion current polarity of each transistor within the mixer remains unchanged. For the switching
stage (M,/M, and M,,/Myy), the negative impedance changes the amplifying factor of their distortion
current from negative to positive. This enables the IM3 cancellation between the transconductor stage
(M3./M3,,) and the switching stage (M;/Mj, and M,,/My,). As the IM3 cancellation depends on the

scaling and subtraction of distortion currents of the switching stage and g, stage, we use Monte Carlo

simulations to evaluate its sensitivity over device mismatches and process spread; the results are
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shown in section I'V. A.

E.  Simulation verification

To illustrate the validity of the proposed theory of flicker noise and IM3 cancellation, in this section
we show some simulation results for the mixer shown in Fig. 3a using an ideal negative resistance and
an ideal negative capacitance in parallel to implement Y,.,. The bias and dimension condition for this
mixer is the same as one (MixerD) that will be discussed in section III. In simulations, for 0.9GHz LO,
we sweep the negative resistance while using a capacitance of -80fF.

Both simulated and calculated (using (5)-(8)) DSB NF in Fig. 8 (a) clearly show that either
complete or partial cancellation of flicker noise can be achieved by using an ideal Y,,. The sweet spot
for complete flicker noise cancellation is by nature sensitive to device mismatch and PVT variations,
illustrated by the notch around the optimum Y,.,=-950. Partial flicker noise cancellation is less
sensitive to device mismatch and PVT variations: for this example, within +15% variation of Y, at
the NF notch more than 20dB flicker cancellation is achieved. Due to some circuit analysis
simplification in deriving (9), the optimal Y, for complete flicker noise according to (9) is somewhat
different than actual (following from simulations) value. Fig. 8 (b) shows similar results for
distortion cancellation, illustrating that IM3 distortion cancellation can be achieved using a properly
designed Y., and illustrating that (15)-(18) provide a good prediction for the actual (simulated) IM3

distortion cancellation.

F. Summary
) ) _gM3a_gM1a _gM3a
It can be concluded that a negative impedance (Gpeg € [—22 ——, ;S and Cpeg =

—0.5C;q;;) reduces the flicker noise leakage from the switching stage (M/My, and M,,/My,) by

averaging out the flicker noise leakage transfer function. Note that this is very similar to flicker noise
9
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suppression in chopper amplifiers [8]. Using a negative impedance, also the conversion gain is
increased while the thermal noise may be slightly degraded. For a perfect symmetric mixer no flicker
noise will be introduced by the negative impedance.

Using negative impedance in the specified range also enables partial IM3 cancellation between the
transconductor stage (M3,/M3,) and the switching stage (M,,/M;, and M,,/M,;,). The exact optimum of
Yo is in general a little different for complete flicker noise cancellation and complete IM3
cancellation. Hence Y, can be designed for either full flicker noise/partial IM3 cancellation or full

IM3/partial flicker noise cancellation.

III. CIRCUIT IMPLEMENTATION

A.  Circuit implementation of the negative impedance

To prove this flicker noise/IM3 cancellation concept, the circuit shown in Fig. 9 is implemented in a
standard 0.16pum CMOS process. The negative impedance is implemented by the cross-coupled pair
M,./My, with source degeneration provided by capacitor (Cy) and current source Ms,/Ms, [9-10]. The
pMOS-based negative impedance enables dc current reuse of the negative impedance by the mixer’s
transconductor stage. As a first-order estimation, the value of the negative impedance --- taking only

the transconductance of My and M; and the output impedance of M;into account --- is:

(G 3 [ng M5t gme (ct’i‘ﬁ5+2cs)2w2]
g neg [(gd5+g ) +(Cﬁ5+zzcs)2w2] (19)
gMe* (cMsv2c)) w
neg [(gdss+gm4)2+(cgés+2C5)2w2]
M
Assuming g%“ > gglss, and denoting - M‘gs’izc = Wy, then for w K w; (19) reduces to
ds S

10
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me) o
G o Imod o gm’
neg ~ w2 T 2
2|1+(2) ]
Y (20)
5 5
C ~ Cys+2Cs Cys+2Cs
neg

Equation (20) shows that the Y., for either full flicker noise cancellation or full IM3 cancellation can
be obtained by setting a suitable value both for the transconductance of M, and for the degeneration
capacitance Cs. For minimal chip area, two anti-parallel poly-diffusion capacitors are used for Cs
instead of a fringe capacitor.

Equation (20) also shows that the implemented Y, is frequency dependent: the negative
conductance (Gye) has a high-pass characteristic while the negative capacitance (C,,) presents a
low-pass behavior. Consequently, using this Y,-circuit the optimization for either flicker noise
cancellation or for IM3 cancellation is frequency-dependent. In order to demonstrate the effect of the
frequency-dependency of the Y, circuit, Fig. 10 shows simulation results for one of the designed
mixer circuits in section III: MixerD, which is designed for full IM3 cancellation and partial flicker
noise cancellation at 0.9GHz. Design details of MixerD is shown in section III. B.

Fig. 10 (a) shows IIP3 as a function of the LO frequency, swept from 0.1GHz to 2GHz. The I1IP3
peak around 0.9GHz shows that Y, circuit is optimized for this frequency. For higher frequencies,
the IM3 cancellation degrades, mainly due to the less negative capacitance provided by the Y,
circuit with increasing frequency. As a result, the phase difference between the distortion currents of
the switching stage and of the gm stage then deviates from 180 degrees. For LO frequencies lower
than 0.8GHz, the distortion cancellation remain effective since parasitics has less effect. Fig. 10 (b)
shows that the Y, circuit achieves a complete flicker noise cancellation at around 0.2GHz and that
only partial flicker noise cancellation is achieved at higher frequencies.

11
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In summary, the Gy, and C,, provided by our Y, circuit is frequency-dependent. As a result, a
complete IM3 distortion or a complete flicker noise cancellation provided by the circuit
implementation shown in Fig. 8 is narrowband. Tuning the bias of the Y., circuit and using tunable
capacitors for Cs, a tunable negative impedance can be provided by the Y, circuit for various
frequencies which may enable complete IM3 distortion or complete flicker noise cancellation for

multiband applications. However, this is not implemented in this paper.

B.  Two prototype chips

Our active mixer circuits use load ressitors Rj,,q. It is frequently assumed that a poly-silicon
resistor has negligible flicker noise [1, 6] which assumption is valid for many conventional circuits.
However, in this paper the aim is at very low flicker noise mixers. The work in [11] shows that the
traps at the silicon grain boundaries in the poly-silicon cause some flicker noise, resulting in a flicker
noise current given by S; = ﬁ/—lz . }lc, where [ is a constant including technology-dependent data and
temperature, / is the DC current through the resistor, and W and L are the resistor width and
length respectively. Simulation results in Fig. 11 show that without mismatch and with metal resistors,
the mixer noise output only contains thermal noise (denoted by “Nominal mixer noise with
MetalRload”). Including mismatch and with metal resistors, the mixer flicker noise frequency corner
is below 1kHz. Using poly resistors, even in the nominal case without any mismatch, the flicker noise
of the poly-silicon resistor is dominant compared to the mixer thermal noise unless large silicon area
(larger than 2100 um®) is used. Therefore, in our design a serpentine metal resistor consisting four
stacked metal layers (M1-M4) with a total area of 370 um’is used to be able to prove our concept
properly.

Using the topology shown in Fig. 9 we designed two chips. One (MixerD) is optimized for full

12
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IM3 cancellation and partial flicker noise cancellation using the process’s nominal supply voltage
(Vopnom =1.8V). To show the robustness of the proposed flicker noise cancellation technique under
the constraint of low supply voltage, a second chip (MixerNF) is optimized for full flicker noise
cancellation and partial IM3 cancellation using 0.67XVppxom (1.2V). The main design parameters of
both circuits are listed in Table 1. Since flicker noise is mainly a problem for narrowband system, the
two mixer chips are designed for 0.9GHz. Two off-chip baluns are used to generate the differential RF
input and differential clock, respectively. The external differential clock signal and an on-chip LO

buffer provides the LO for mixer.
C.  Comparison with other techniques

Due to the similar topology appearance, our mixer in Fig. 9 is compared with previous
techniques of flicker noise reduction. In [1] the cross-coupled pair M,,/My, shown in Fig. 12a

. . . . T
provides a dynamic current into the transconductor stage at the LO zero-crossings (at %). As a result,

at % the current through the switching pair and the transconductance of the switching pair is

: Miq
reduced. This enables a smaller VrLout |0

2

in (5) and consequently yields flicker noise reduction.

The cross-coupled pair My,/My, turns on only around TLTO and remains off during the remainder of the

LO period, which requires a high LO voltage swing and low Ry, (50 ohm in [1]). To tune out the

parasitic capacitance of the cross-coupled pair M4,/My,, an inductor is added to the cross-coupled pair

M,./Myp as shown in Fig. 12b in [2]. Although these dynamic bleeding techniques [1-2] and our mixer

all use the cross-coupled pair M4./My,, there are a number of fundamental differences:

*  The cross-coupled pair My,/My, in the dynamic bleeding technique only operates around TLTO,
while in our mixer the negative impedance is operational during the total LO period. As a result,

our mixer only needs normal LO voltage swing, while high LO voltage swing is required in the

13
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dynamic bleeding technique, which may impose linearity degradation due to the switching pair
(see [7]).

*  The cross-coupled pair M;,/My, in the dynamic bleeding technique is designed as a DC current
injector rather than a negative resistor. Flicker noise leakage due to the finite transconductor
output resistance is not addressed. The source degenerated capacitance together with the
cross-coupled pair My,/My, in this paper are designed as a negative impedance, which fully
addresses the flicker noise leakage.

Based on the analysis in section II, in fact the mixer in Fig.12b can be made to act in the same way as

our mixer if the cross-coupled pair M,,/My, is designed to operate during the whole LO period: the

cross-coupled pair together with the inductor in [2] is equivalent to the negative impedance proposed

in our work. However, full flicker noise cancelling was not done in [2].

IV. SIMULATION AND MEASUREMENT
The microphotograhps of two demonstrator mixer chips (MixerD and MixerNF) are shown in Fig.

13. The active area of the LO buffer and mixer with decap is 0.0156mm’ for MixerD, of which 8.2%

is occupied by the Y., circuit. In MixerNF the Y, circuit consumes 7.1% of the total active area

(0.014mm?). The packaged chips were measured on PCB boards for 0.9GHz LO and 0.92GHz RF.

The noise is measured by an Agilent ES500 noise measurement set-up. For noise at IFKIMHz a SRS

preamplifer is used to connect the mixer output with the noise set-up; for noise at [IF>1MHz, a LeCroy

APO033 active probe was used connecting the mixer output with the noise measurement set-up.

A. Mixer with full-IM3/partial-flicker-noise cancellation

For the mixer optimized for full IM3 cancellation and partial flicker noise cancellation (MixerD),

the bias current of Yyeo (/v Shown in Fig. 9) is swept within +45% variation of the optimal value to

14
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demonstrate the robustness against process spread. The measured and simulated results are shown in
Fig.14 as a function of the bias current normalized to the optimal value (Nly,.g). At the optimal bias
value (NI,,.,.=1), a measured improvement of 10dB for IIP3, 5dB for conversion gain, 9dB for DSB
NF@1kHz, and 1dB for input P45 are achieved compared to the same mixer without Y,.,. The DSB
NF@10MHz degrades by 0.1dB. The mixer DC current increases from 9.2mA to 10.7mA due to the
biasing of the Y, circuitry, while the LO buffer current (16mA) stays unchanged. Within +45%
variation of Iy, >5dB gain improvement, >6dB NF@IlkHz reduction, <0.2dB thermal NF
degradation, no input P45 degradation are achieved. Fig. 14b shows the flicker NF reduction at a very
low frequency (1 kHz), where the flicker noise is dominant and the thermal noise can be neglected.
Fig.15 shows the measured fundamental and IM3 output at the optimal bias value (Nly,e,=1). Due to
higher-order nonlinearity distortion introduced by Y., the IM3 curve start to show 5™ order behavior
for Pin >-18dBm. The measured mixer DSB NF is shown in Fig. 16. The spikes are from the
equipment power supply and the measurement setup. Although Y., introduces 5dB thermal noise to
the mixer, 5dB more gain also provided by Y., lowers the input-referred noise of the R, by 5dB and
results in overall less than 0.1dB degradation in the thermal noise figure. The flicker noise corner
frequency decreases from 100kHz to 20kHz.

Simulated and measured effects of mismatch and process spread on NF and IIP3 of MixerD are
shown in Fig. 17. The results of a 200-time Monte Carlo simulation using a realistic production
variation model for device mismatches and process spread, in Fig. 17a, show a mean DSB NF@1kHz
of 19.2dB (nominally 19dB) which is about 7dB lower than the mixer without Y., while the
measurements of ten dies from one wafer show +7dB NF reduction at 1kHz in Fig. 17b. Note that
such a high NF is not the result a badly designed mixer but is due to the very low frequency (1kHz),
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where the flicker noise is significant. In comparison, the measured NF@1kHz of the low-flicker-noise
mixer in [2] is 29dB. In Fig. 17¢ a 200-time Monte Carlo simulation shows a mean IIP3 of 10.8dBm
(nominally 12dBm) which is 9dB higher than the mixer without Y, whereas more than 6dB IIP3
improvement is measured in ten dies from one wafer as shown in Fig. 17d. For the temperature range
[-40°C to 80°C] in the nominal corner, simulations show >6.7dB flicker NF reduction in Fig. 18a; the
IM3 cancellation becomes less effective as the temperature increases as shown in Fig. 18b. We did not
implement a control loop to adjust the negative impedance over temperature; the realized chips aim to

prove the principle of flicker noise and distortion cancellation.

B.  Mixer with full-flicker-noise / partial-IM3 cancellation

For the mixer optimized for full flicker noise cancellation (MixerNF), Fig.19 shows the measured
and simulated results as a function of the bias current for Y, normalized to the optimal value (Ny,cg).
When Y, is not enabled, MixerNF has about 5dB less gain compared with MixerD. There is less
voltage swing across the transistors’ terminals resulting less distortion and hence higher IIP3. At the
optimal bias value (NI,,.,=1) a measured improvement of 8dB for DSB NF@1lkHz, 1.4dB for
conversion gain, 0.1dB for the DSB NF@5MHz and 2.5dB for input P45 are achieved compared to
the same mixer without Y. The mixer DC current increases by 4% due to the biasing of the Y.,
circuitry, while the LO buffer current (4.8mA) stays unchanged. The difference between the measured
and simulated IIP3 shown in Fig. 19d may be due to the fact that this mixer is operated at low supply
voltage (0.67XVppnom), where the headroom for the Y., circuit is insufficient to provide a robust
IM3 cancellation. Full flicker noise cancellation at the optimal bias value (V/,,.,=1) shown in Fig.
19(a) suggested by simulation is not found in measurement, probably due to external low-frequency

noise contributed by the measurement set-up and due to the LO phase noise leakage resulting from
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mismatches in the mixer. However, Fig. 19a shows that more than 10dB improvement for the flicker
NF can be achieved for very broad bias range (for Nly,.s>1.75). The robustness of this flicker noise
cancellation under low supply voltage is estimated for Nly,.,=2 in MixerNF. Fig. 20a shows the results
of a 200-time Monte Carlo with mismatch and process spread, indicating a mean DSB@1kHz of
21.9dB (nominally 20dB) which is 15dB lower than in the mixer without Y,.,; measurements on ten
dies shows more than 11dB flicker NF reduction, see Fig. 20b. For the temperature range [-40°C to
80°C] in the nominal corner, simulations shows more than 14dB flicker NF reduction, see Fig. 21. The
measured mixer noise output is shown in Fig. 22 (for Y, biased at NI,.,=2). The flicker corner
frequency decreases from 200kHz to 20kHz; the rolling-oft behavior for IF>5MHz is due to the IF

filter in the measurement setup.

C. Benchmarking

The mixer with full-IM3/partial-flicker noise cancellation (MixerD) presented in this paper is
compared with previous works on flicker noise reduction [1-4] in Table II. Since the flicker NF value
depends on a few factors such as circuit bias and technology-related flicker noise corner, our
technique is compared with previous works in term of the value of flicker noise reduction. It shows
that the presented technique provides very good flicker NF reduction, while at the same time it
achieves the largest improvement in IIP3 and gain without using on-chip inductors or high supply
voltages or increasing the LO power. In conclusion, this flicker noise/IM3 cancellation provides
solutions for reducing flicker noise and improving linearity of CMOS active mixers.

V. CONCLUSION
A new technique providing simultaneous cancellation of flicker noise and IM3 distortion for

active mixers is presented without using on-chip inductors or high supply voltages or increasing the
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LO power. By using a negative impedance (Yc,), the flicker noise leakage from the switching pairs is
minimized. Meanwhile the negative impedance enables IM3 distortion cancellation between the
switching pairs and the transconductor stage, which yields overall IM3 improvement. The techniques
also improve the conversion gain while it has little effect on the thermal noise. For the demonstrator
mixer chip optimized for full-IM3/partial-flicker-noise cancellation, 9dB flicker noise suppression,
10dB improvement for IIP3, 5dB improvement for conversion gain and 1dB improvement for input
P,4g are achieved. The Y, circuit increases the thermal NF by 0.1dB, power consumption by 16%
and active area by 8%. Under mismatch and process spread, a 200-time Monte Carlo simulation
shows 7dB reduction in mean NF@1kHz and 9dB increase in mean IIP3. A ten-sample measurement
shows over 7dB reduction in NF@1kHz and more than 6dB increase in IIP3. Simulations indicate that
the flicker noise cancellation is not very sensitive to temperature variation [-40°C to 80°C], while the
IM3 cancellation degrades as the temperature increases. For the demonstrator mixer chip optimized
for full-flicker-noise/partial-IM3 cancellation under low supply voltage (0.67XVppNom), more than
10dB flicker noise suppression is measured within +200% variation of the negative impedance bias
current. The ten-sample measurement shows over 11dB flicker NF reduction, and the simulation

shows more than 14dB flicker NF reduction for the temperature range [-40°C to 80°C].
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APPENDIX
The real part of (6) is given by
Mg _ —g%mRL[GM3(9%1a+GM3)+(0’LoCM3)2]”%}2
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the real part of (6) is positive. For Cpeg & —0.5C4, CM3 ~ 0 and (A2) can be simplified to
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the real part of (6) is positive.
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Fig. 1. (a) Schematic and (b) time-varying noise model of the double-balanced Gilbert mixer.

(VA VAN /"""""'\ LO-
/ \\

Ve 7 >

\\\ t,= “;LO t /,T & b To

o o o s e e e e o 4/ O LO+
(a)
Re[vyy/5, (0)] Tio

0 b2 4 4 Tio,

Im[v%e,. (D] To
t b ot t, To

(c)

Fig. 2. (a) Waveform of the LO signal, (b) and (c): approximation of the real and imaginary part of

v

vpe, () respectively.



L
V —
é Ricad o RIoad é é Rload - Rload

—o\/o+ —0 Vot VO- O
Mig
LO+ V,m . . .
LO+, ||V|1a Mzal IMZb M1b||— I Gr . Gr ldgs2a lds2b Gr lds1b
LO— — |ds1a r—
= !
Y g ————

Y r —t— ne:
, E . E ! ds3a “T~
Vm+'| Mz, °d Map I-V”’ Ciail lds3b Cail

idsk :gmkvgsk = =
(a) (b)

Fig. 3. (a) Schematic and (b) time-varying noise model for the mixer with a negative impedance for

flicker noise cancellation.

VerVio | // ______ \\LO-
v r—
c \ t, t, /{I-\ ts ty Tio
| S —— _Lo
VC -VLO 2 LO+
(a)

Re[v]s, (D]

(b)

Iy, (0] To
0 t t, 2 t5 1, TLO;

(c)

Fig. 4. (a) Waveform of the LO signal. (b) and (c): approximation of the real respectively imaginary

part of v;wl‘ 1o () using a negative impedance for flicker noise cancellation.



lds2a lds2b

r—
el

+ ) Yneg +
. Vin _ igs3a Y Yas3 Yds3 ¥/ lds3b _ ~Vin

(a)

o
v

b L[ To E b To

(b)

Fig. 5. (a) Time-varying linear model for calculating the voltage gain of the mixer with a negative
impedance for flicker noise cancellation and (b) the approximation for the instantaneous voltage gain
FM3(¢).

e
NOIEOMOZIO
|th3a E {Yneg Yneg y

Itha lthb Ith3b

Fig. 6. Time-varying noise model for calculating the thermal noise of the mixer with a negative

impedance.



é RIoad

——o0 \o+
L w.d
l

- My,
 /lim3

.M .
I|M31°GD GD lds1b

—
7 |

Yneg

lim3

NOIROLIN¢
= L

Ms

a
I

Q

My
M3

Fig. 7. Circuit model for the mixer distortion analysis.
18
16 -
14 - ,'\
= — 12 4 Calculation . .
2 = \  Simulation
= & 10 - W/ Yneg W/ Yne
T S g g
® £ 6
\ a ]
S 0 4 o A Calculation = 4
Slvr\T;u\I(atlon ‘v, W/ Yneg 5 ] S
N
10 { W/Yneg o0 - Simulation W/o Yneg \
0 T T T -2 T T T T
-1200 -1000 -800 -600 -400 -1400  -1260  -1120  -980 -840 -700
Rneg[Q] Rneg[Q]

(b)

Fig. 8. Simulated and calculated (a) NF at 1Hz and (b) IIP3 as a function of the negative resistance for
the mixer shown in Fig. 3(a) at an LO of 0.9GHz.

Vg5

neg

Fig. 9. The schematic of the mixer with a negative impedance Y.



14 35
12 | w/ o Yneg
=™ 30 -
— 10 I,
R o
e} v
— 6 i
™ ®
& 4 o 20 -
= =z
2 2 15
o . o i w/ Yneg
w/ o Yneg
-2 . . . ; 10 : : : ;
0 0.5 1 15 2 0 0.5 1 1.5 2
fiolGHz] fiolGHz]
(a) (b)

Fig. 10. The simulated (a) IIP3 and (b) DSB NF at 1kHz as a function of LO frequency for MixerD
with and without using the negative impedance. MixerD is designed for full IM3 cancellation and

partial flicker noise cancellation at 0.9GHz LO.

-125
-135
-145
-155

-165

175 | et PolyR (8um*um)

Sn,out [dB]

-185 - === PolyR (370um*um)
195 | ==H=PolyR (2100um*um)

e N Ominal Mixer noise with MetalRload

-205 A
~—©— Mean flicker noise of Mixer with MetalRload
-215 T T T T
1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07

Freqs [Hz]

Fig. 11. The simulated output noise of the mixer using poly-silicon resistor and metal resistor as Rjg,q.

Table I: Main design parameters for two prototype chips (MixerD and MixerNF)

Chip name | W/L [um] | W/L [um] | W/L [pm] | W/L[pm] Rioad Cs Vaa
(My/ M) (Ms) (Ma) (Ms) [Q] [pF] | [V]

MixerD 100/0.16 80/0.16 80/0.16 104/0.16 250 1.2 1.8

MixerNF 108/0.16 72/0.16 68/0.18 68/0.18 250 0.8 1.2
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Fig. 12 Two mixers for flicker noise reduction. a) Dynamic bleeding [1], b) Dynamic bleeding with a

inductor [2].
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normalized bias current of Y, for MixerD. Solid line for simulated results and symbol for measured

results of the mixer with Y,,. Dashed line for measured results of the mixer without Y .



P, (fundamental and IM3[dBm]

IP3=1.8dBm~__ .. o
0 | %;;‘....-..- T
11P3=12dBm
—=—W/O Yneg
-100 3
——W/Yneg
-120 4 . . . . . ; ; ;
-30 -25 -20 -15 -10 -5 0 5 10 15
P,,[dBm]

Fig. 15. Measured fundamental and IM3 output vs input power P;, for MixerD.

DSB NF [dB]

40

35

30

25

20

15

10

MM‘
)|
ﬂn W/O Yneg
|
| A TH
L[ W]
AR [ |
W/ Yneg | '
2 é ‘4 I5 ‘6 ‘7 8
10 10 10 10 10 10 10
fie[Hz]

Fig. 16. Measured DSB NF for mixer (MixerD) with and without using Y .

Hits

Hits

70

60 -
50 A
40
30 A
20 4
10
0 -

Standard deviation = 1.13
Mean=19.2
Nominal=19
N=200

14 15 16 16 17 18 19 19 20 21 22 22 23
DSB NF@1kHz [dB]
(a)

50

40

30

20 A

10

|Mean=10.86

1N=200

Standard deviation = 1.91

Nominal=12

8

9 10 11 12 13 14 15 16 17
11P3[dBm]
(c)

32
g 30 1 w/ o Yneg
T 28 -
X
& 26
[
Z 24 | ‘0‘
L 2% 4
§ 22 *e *oo
w/ Yneg
20 : : ‘ . :
0 2 4 6 8 10
Sample #
(b)
18
16 1 ¢  w/Yneg
14 - *
€ 12 *
S0 o, o ¢
@ o @
o 8
= ]
:7 w/ o Yneg
0 , , , , ,
0 2 4 6 8 10

Sample #
(d)




Fig. 17. Effect of mismatches and process spread on NF and IIP3 of MixerD with Y,es (Nly,ee=1). (a)
200-time Monte Carlo simulation results of DSB NF@1kHz (b) measured DSB NF@1kHz of ten dies,
(c) 200-time Monte Carlo simulation results of I1IP3, (d) measured IIP3 of ten dies. Symbol for

measured results of the mixer with Y, Dashed line for measured results of one mixer sample without
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Table II. Comparison of techniques for flicker noise reduction in CMOS active mixers.

Darabi[1] Yoon[2] Park[4] Pullela[3] This
work
CMOS 0.13um 0.13um 0.18um 0.13um 0.16pm
Vpp [V] 1.2 1.5 1.8 2.7 1.8
Freq [GHz] 2 2.4 5.2 1.96 0.9
Inductor Number 0 1 2 0 0
Flicker NF reduction [dB] 7@10kHz | 7.5@10kHz | 7@10kHz | 9.5@10kHz | 9@1kHz
Flicker NF w/o cancelling 21.8 37 27 18 20
@10kHz [dB] w/ cancelling 14 29 20 8.5 13
Gain Improvement 0.5 1.3 6 2 5
[dB]
Gain [dB] w/o cancelling 0 10.1 9.3 5 12.3
w/ cancelling 0.5 11.4 16.2 7 17.6
Thermal NF changes* [dB] 0 0 0 2 +0.1
Thermal NF w/o cancelling 12 7.5 10 8.5 10
@10MHz [dB] | w/ cancelling 12 7.5" 10 6.5 10.1
ITP3 improvement [dB] 0 1.6 0 1 10
w/o cancelling 10.5 3.8 -4 1 1.8
ITP3 [dBm] w/ cancelling 10.5 4.4 -5 2 11.8
Bias current increases 0% 0% 0% N/A 16%
Bias current w/o cancelling 6 3.9 3 9.2
[mA] w/ cancelling 39 3 10.9

* “+” for NF increases and “~” for NF decreases.

10




