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ABSTRACT This paper presents a noise reduction technique using common-mode feedback in active
CMOS mixers. The proposed technique decreases the common-mode noise, thus reducing the common-
to-differential conversion noise arising from mismatch and process variations. In addition, the proposed
technique reduces sensitivity to process, voltage, and temperature (PVT) variations due to negative feedback.
A negative feedback theory is adopted to analyze the low-noise performance of the proposed technique. The
theoretical analysis is validated by simulations and measurements. The conventional and proposed mixers
are fabricated in a 65-nm CMOS process. Measurement results of the proposed mixer operating at an RF
of 2.1 GHz show a conversion gain of 21.5 dB, the input-referred third-order intercept point (IIP3) of -
16.2 dBm, and a flicker noise figure of 8.7 dB at 10 kHz while it dissipates 3.45 mW from a 1.5 V supply
voltage. Measurements also show common-mode noise reduction of 10.1 dB at 10 kHz, without degradation
of other characteristics. It is demonstrated that the proposed mixer can be applied to decrease phase noise of

a self-oscillating mixer (SOM) due to the low common-mode flicker noise mixer.

INDEX TERMS CMOS mixer, common-mode feedback, flicker noise, white noise.

I. INTRODUCTION

In wireless communication systems, a mixer following
a low noise amplifier is an important building block
because low-frequency (1/f) or flicker noise affects the
noise performance of the entire system, especially in
direct conversion receivers [1]. Several methods to reduce
flicker noise in active CMOS mixers have been pro-
posed [2], [3], [4], [5], [6], [71, [8], [9], [10], but these are
focused narrowly on reducing differential-mode flicker noise
generated by only an LO switching stage.

Differential flicker noise (Vi sw) from the LO switch-
ing stage is caused by direct and indirect mechanisms [2].
To decrease direct-mechanism flicker noise at low dc current
in the LO switching stage, a static current bleeding technique
is popularly adopted [3], [4], [5], [6]. To further decrease this
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noise, a dynamic current bleeding technique has been pro-
posed [7], [8] whereby current is injected only at the instants
of switching to eliminate direct flicker noise caused by the
LO switching stage. Resonating inductors can be employed
to tune out the parasitic capacitance and thereby to decrease
indirect-mechanism flicker noise [4], [9]. In addition, mutual
noise cancellation has been reported [10], where flicker noise
of the main mixer is cancelled using an auxiliary mixer and
mutual inductance.

Common-mode flicker noise, generated from the RF
transconductance (Vi, ) and current source (Vi ¢s), appears
at each output equally. Common-mode flicker noise is typi-
cally much greater than the differential flicker noise (Vi, sw)
because Vi sw is generated only at the LO switching instant,
but Vi s and Vi s are generated throughout the whole
LO period. Because the common flicker noise can be com-
pletely suppressed by a following ideal differential amplifier
or balun, it is considered insignificant. In reality, however,
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FIGURE 1. Schematics of (a) the conventional mixer including noise
current sources and (b) the proposed common-mode feedback mixer.

mismatch and process variations cause the common flicker
noise to be converted into differential flicker noise in the
mixer in non-negligible amounts [11]. In addition, the mixer’s
common flicker noise affects the jitter and phase noise of
the voltage-controlled oscillator (VCO) in VCO-integrated
mixers such as the self-oscillating mixer (SOM) [12]. The
common flicker noise flowing into the VCO then increases
the AM-to-PM noise, thereby degrading the phase noise
performance. Therefore, it is very important to reduce the
common flicker noise in the mixer for high-performance
transceivers.

In this paper, we propose a noise reduction technique based
on common-mode feedback for use in active CMOS mixers.
The common-mode feedback has been used in a mixer to
stabilize the DC bias and to enhance the second-order inter-
cept point (IP2) performance [13], not to reduce noise. The
common-mode flicker and white noises caused by the tail
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current source, transconductance, and load stages are reduced
by a simple feedback circuit, which is analyzed based on the
negative feedback theory. Because a common-mode feedback
path is employed between the mixer output and tail current
source where only the baseband signal is handled, there is
no RF signal leakage. In addition, the proposed technique
does not degrade the conversion gain or linearity performance
due to the ‘common-mode’ feedback but achieves robustness
against process, voltage, and temperature (PVT) variations
due to the ‘negative’ feedback. The common-mode feedback
technique also lowers a DC offset voltage that is mainly
generated from device mismatch, LO self-mixing due to finite
port-to-port isolation, and even-order nonlinearity.

We have studied mixer structures similar to that discussed
in the present work [14], [15], which are based on the
switched biasing technique to decrease flicker noise. This
technique works well when the output signal is large enough
to allow alternating operation of the current source transis-
tors between accumulation and strong inversion regions. The
switched biasing technique is thus useful only when the input
RF signal and conversion gain are very large. This paper is
organized as follows. Section II theoretically analyzes how
the proposed feedback technique decreases common-mode
noise. The theoretical analysis is validated using simulation
in Section III and measurement in Section IV. In Section V,
we demonstrate PVT robustness and discuss common-mode
noise on SOM. Finally, Section VI presents our conclusions.

Il. NOISE ANALYSIS

A. CIRCUIT STRUCTURE

Figs. 1 (a) and (b) respectively show the conventional and
proposed mixers based on the double-balanced Gilbert-cell
mixer and consisted of a tail current source (M, M>),
a transconductance stage (M3, M4), a switching stage (Ms—
My), and a load stage (Rr ). Inductors (L, L») and capacitors
(C1, Cy) at the input port function as an input impedance
matching network. In addition, a current-bleeding stage
(M13) [3], [4], [5], [6] and a resonating inductor (L;) [4], [9]
are adopted to decrease noise. The proposed mixer adds a
source follower (My—M,) into the conventional mixer. The
source follower is utilized to form the common-mode feed-
back path between the mixer output and tail current source
and performs the role of a DC level shifter.

The DC level shifter senses the output noise voltage that
drives the tail current source and is fed back to the noise
current. Meanwhile, the differential intermediate-frequency
(IF) signals are not fed back because they are cancelled out
at the drain of the tail current source. Therefore, the pro-
posed technique operates as a common-mode feedback that
improves common-mode noise without degrading the other
mixer performances of operating frequency, conversion gain,
and linearity.

It is necessary to confirm stability when the feedback
technique is adopted. The dominant pole of the proposed
mixer will be generated at output node because there are many
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FIGURE 2. Common-mode feedback scheme to reduce the output flicker
noise from the tail current source stage.

devices and thus many parasitic capacitances connected at
output node with large Ry, of 1 k2. Therefore, devices con-
nected to output node including the source follower should
be designed carefully. The proposed mixer is designed with
the phase margin of 61.62 degrees at 364.7 MHz and thus is
much stable.

The common-mode feedback technique adopted in the
proposed mixer decreases both flicker and white noises.
Noise reductions at low and high frequencies are theoretically
described in detail in Sections II-B and C, respectively. Here,
low frequency refers to the frequency range in which 1/f noise
predominates, whereas high frequency refers to the range in
which white noise predominates.

As shown in Fig. 1 (a), for simplicity of analysis,
we assume that four kinds of noise sources arise from the
transistors (M1, M3, and Ms) and resistor (Ry) on one side:
in,CS+> In,RF+ Insw+. and ip r1+4, respectively. Each noise
current source is divided into flicker noise (if,) and white
noise (iwn). Because the load stage of Ry does not produce
flicker noise, low-frequency noise for the load stage is not
considered. In addition, we ignore noises from the DC level
shifter and current-bleeding stage for simplicity of analysis
because their noise contributions are very small, compared to
other noise sources.

B. LOW-FREQUENCY NOISE

First, we investigate the output flicker noise generated from
the tail current source and transconductance stages. In the
conventional mixer, the switching transistor multiplies these
noise currents by a square wave toggling between 0 and 1.
Thus, the output noise currents at each output are equal to

. 12 2
o+ (1) = l,,(— + — coswppot — — cos 3wy ot
2 7w 3
2
+ — cosSwrot — -+ -) (1a)
S
. 12 2
io—(1) = in(z — = coswrot + — cos3wrot
2 3

2
- —cosSa)Lot+-~-) (1b)
Sm
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FIGURE 3. Common-mode feedback scheme to reduce the output flicker
noise from the transconductance stage.

where i, is the noise current generated from the tail current
source and transconductance stages, and wp o is an LO fre-
quency. The first term represents the mixing of the transferred
noise current with a DC component of switching. The other
terms represent mixing of the noise current with an LO
fundamental frequency and its harmonics. Flicker noise gen-
erated from the current source and transconductance stages
appears through a DC component of switching at each output
equally, but flicker noise up-converted by switching does
not occur in a desired IF range. In addition, the white noise
current near the fundamental and harmonic frequencies can
be down-converted to flicker noise by switching; however,
these noises are neglected because the white noise from the
current source and transconductance stages is much weaker
than the flicker noise. Therefore, in the proposed mixer, both
output flicker noises from the tail current source and transcon-
ductance stages become the in-phase or common mode and
are reduced by the common-mode feedback.

The feedback topology in Fig. 1 is simplified as concep-
tually shown in Figs. 2 and 3, allowing only the flicker noise
current source (ify_cs+) from M and the flicker noise current
source (ify rr+) from M3, respectively. In Figs. 1 and 2,
ifn_cs+ 1s divided into M3 and M4 and consequently flows to
the LO switching stage with a factor of 0.5 of (1). Thus, one-
half of if, cs+ flows to each output equally. In Figs. 1 and 3,
on the other hand, ir, rr+ flows to the output ports not only
directly but through route ‘P.” These noise currents are out-
of-phase and thus ideally cancelled at the output. However,
in reality, some of the noise current through route P leaks to
the tail current source stage due to the finite output resistance
(ro.cs)- Therefore, noise from ir, rRp+ at output ports are not
cancelled perfectly, and a little amount of if, rp+ is remained
to each output equally. In Figs. 1, 2, and 3, the output cur-
rents from if, cs+ and i rp+ are transferred to the output
common-mode noise voltages (Vo+ fn_CS+> Vox.fn RF+) DY
the load resistor (R ). The output noise voltage is transferred
to noise current through the DC level shifter and the tail
current source.

In a conventional double-balanced mixer of the open loop
without the proposed feedback technique, the single output
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voltage noises from i, cs+ and i rr4+ can be respectively
expressed as

- 1 2 y
2 _ 2
Vot fn_cs+ = (5) R i s+ (2a)
2 2 (1 g 2 2
Vot iy =0 —0a) (5) RL - i rF+ (2b)
where
% 2
’,;%n,cs+ = 8imes Vf%z,CS+ (2¢)
2 2 2
L RF+ = &mif dg Vin RF+ (2d)
8mirf
&mif dg = (2e)
s L+ gmr (ro,CS/zH 1/gmrf)
2
y— Yo,cs/ 2h

ro,CS/Z + l/gmif.

Here, gmcs and gmys are the transconductances of the tail
current transistors (M1, M>) and the transconductance transis-
tors (M3, My), respectively, gm;f,dg 18 the source-degenerated
transconductance of the transconductance transistors (M3,
My), Vin,cs+ and Vi, rp+ are input-referred flicker noise
voltages in the tail current source and the transconduc-
tance stages, respectively, and a is the leakage ratio of
irn,RE+through route P, as depicted in Fig. 1.

In the proposed mixer, which is of closed loop form and
includes the proposed feedback technique, the single output
voltage noises are

P /2> 5 57—

V2 . = -12 3a
CEfCSH T (T g g2 L Cst (3a)
e (1/2)? e

V2 =(l—qf——"127  R.{2 3b
ok fn_RF+ ( ) (1+ngSRL/2)2 LYo RF+ (3b)

Therefore, the common-mode feedback reduces the flicker
noise contribution by a factor of the denominator of (3).

Second, we investigate the output flicker noise generated
from the switching stage, which has been analyzed using a
noise pulses model neglecting the channel length modulation
effect [2]. The single output voltage noise from if, sw- is

2 2 2
Vo:l:Jh_sw+ = RL : lfn,sw+ (42)
where
2 2 2
o= () (L2 (ot
Jnswt 2 A Tro granO + (prLO)2

<V (4b)

Here, I is a DC current at the switching transistor, A is an
amplitude of the LO swing, C, is a parasitic capacitance at
the source of the switching transistors (Ms—Mg), Tio is a
time period of the LO signal, gm0 is the transconductance
of the switching transistors, and Vj, s, is an input-referred
flicker noise voltage in the switching stage. The first and
second terms in (4b) are the direct and indirect flicker noise,
respectively. Because the output noise voltages generated
from the switching stage have the out-of-phase or differential
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mode, these are not affected by the proposed common-mode
feedback loop.

In summary, because the tail current source and RF
transconductance stages consist of two transistors each, and
the switching stage has four transistors, the total output volt-
age noise at the single output in the conventional mixer can
be expressed as follows:

2 2 2
i (1—a)-i
2 _ fl’l,CS-‘r fﬂ,RF-‘r 5 o)
Voi,fn = ) + ) +4- lfn,sw+ RL'

&)

In the proposed mixer, the total output voltage noise at the
single output is given by

(1—a)?- ’?n,RFJr
2(1 + gmesR1/2)?

i2
‘fin, CS+
2(1 + gmesRe)?

2
Vo:l:fn =

+4- lj%n,sw+) R% Q)

It is evident from this equation that noise can be reduced
by increasing the feedback factors g,,,.s and Ry..

C. HIGH-FREQUENCY NOISE

The proposed common-mode feedback through the tail cur-
rent source reduces not only flicker noise but also white noise
in an active mixer. Similar to the low-frequency noise, high-
frequency noise is produced from the tail current source,
transconductance, switching, and load stages.

First, the tail current source and transconductance stages
generate channel noise or white noise, which is mixed with a
DC component of switching and also down-converted by the
LO fundamental and harmonics of switching represented by
(1) [2]. Note that white noise mixed with a DC component of
switching appears at each output equally and thus is reduced
by the proposed common-mode feedback as well as the pre-
vious low-frequency noise analysis. Considering (1) and the
mixer structure in Fig. 1, down-converted white noise from
the tail current source stage is cancelled at the output, but
down-converted white noise from the transconductance stage
differentially appears at the outputs, which is not reduced by
the common-mode feedback.

In a conventional double-balanced mixer without the pro-
posed feedback technique, the single output white voltage
noises from the current source and transconductance stages
are calculated based on the above explanation to give results
similar to (2):

2
- 1 J—
2 _ 2 2
Vu:l:,wn_CS+ - (E RL ! lwn,CS+

B[00 () + () () 0o

(7b)

(7a)

where

2, cse = 4Ty gmes (7c)
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ﬁ%RF+:=4kTygm4 (7d)

Here, k is the Boltzmann constant, 7 is the absolute tempera-
ture, and y is a channel noise factor of the MOSFET. (7a) and
the first term in (7b) are produced by the white noise currents
(fwn,CS+> Iwn,RF+) mixed with a DC component of switching.
Here, both noises are common-mode noise. The second term
in (7b) is produced from the down-converted white noise
current, which includes effects of noise components of lower
and upper sidebands at wy o—_1r and wr o+1F, respectively, and
also in-phase through route P. The down-converted white
noise current mixed with the harmonics is neglected because
the white noise current (iwn RF+) at harmonics is leaked via
a parasitic capacitance, and the coefficients of harmonics in
(1) are also much smaller than the fundamental value. The
second term in (7b) is differential-mode noise.

In the proposed mixer, the common-mode feedback affects
the output white noise mixed with only the DC component of
switching, as explained above. Similar to the low-frequency
noise analysis, the single output white voltage noise by the
common-mode feedback is

V2 — % 22
o+,wn_CS+ (1 + gmcsRL)z L " ‘wn,CS+

2
[ ap?
o+, wn_RF+ |:( “ ¢! +gmcsRL/2)2

1\2 (22 ol o, 2
+ E ; (1 + a) : RL : lwn,RF-i—

(8b)

(8a)

The common-mode feedback differently affects flicker
noise in (3) and white noise in (8). For the tail current
source stage, the amount of noise reduction is the same
because both noises are the common mode. Meanwhile, for
the RF transconductance stage, the amount of noise reduction
is very different because white noise consists of not only
common-mode noise but also differential-mode noise, and the
differential-mode noise is not reduced by the common-mode
feedback.

VOLUME 11, 2023

Second, white noise in switching transistors has been mod-
eled using a train of pulses, neglecting the channel length
modulation effect [2], similar to the modeling of direct flicker
noise for a switching transistor. The single output white
voltage noise introduced by the white noise of the switching
transistor is

2 2 2
Vo,wnﬁsw+ = RL *Lon,sw+ (9a)
where
> I
Lon,sw+ = kTVjT_A. (9b)

Because the output white noise generated from the switching
stage is differential, similar to the low-frequency noise, it is
not affected by the proposed common-mode feedback.
Third, the load stage involves only thermal noise from the
resistor (Ry) if active loads are not adopted. Assuming that the
channel-length modulation is neglected, in the conventional
mixer, the output white voltage noise from the load resistor is

2 2 2
Vorri+ =Ri -1 piy (10a)
V2 ey =0 (10b)
where
3 4kT
ln,RL+ = E (IOC)

In the proposed common-mode feedback loop, the white
noise of the load resistor is fed back to the tail current source
and flows through the transconductance stage. Because the
down-converted white noise current is cancelled at the output
port, similarly to high-frequency noise from the tail current
source stage, the proposed noise reduction technique reduces
only the white noise of the load resistor mixed with a DC
component of switching.

Fig. 4 shows the common-mode feedback scheme for white
noise introduced by the load resistor. The output white volt-
age noise can be defined as follows:

5 (14 8mesRL/2\ 5 -
2 _ mcs 2 2
Vot rL+ = (—1 + gmeoRL Ry iy ri+ (11a)
2
2 _ gmcsRL/2 )
Vo Rt = (m R iy v (11b)

Comparing (10) and (11) indicates that the common-mode
feedback decreases the output white noise for Vi ri+ but
newly produces Vo— RL+.

In summary, because the tail current source and RF
transconductance stages consist of two transistors each, the
switching stage has four transistors, and the load stage has
two resistors, the total output white voltage noise at the single
output port in the conventional mixer can be represented as

—— R i, s > (2) 2
Vo:l:,wnz 2Y +|(I-a)+ ; (1+a)

-2 2 2 2 2
P lwn,RF+ + 4'RL : lwn,sw+ + RL ! ln,RL+ (12)
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TABLE 1. Single-ended output noise power from each noise contributor.

Conventional Proposed Noise
Mixer Mixer Reduction
(dBm/Hz) (dBm/Hz) (dB)

Cal. Sim. Cal. Sim. Cal. Sim.

Low-frequency noise at 10 kHz

Current source

—141.1 -143.5 -1624 -1642 213 20.
stage (M, My) 7
Transconductance
stage (Ms, M) —144.5 -147.5 -160.6 —-161.4 16.1 13.9
LO switching
-151.6 —-154.2 -—151.6 —155. — —
stage (Ms—My) 51.6 5 51.6 55.5
Load stage (R) —156 -157.6 —159 -163.3 3 5.7
DC level shifter
— — -166.9 -167.1 — —
(MTMlz)
Current bleeding 1648 _ ms . g7
stage(M;3)
Output buffer —160.2 -162.5 -160.2 -162.5 — —
Other sources — -161.9 — -170.8 — —
Total -139.1 -142.7 -147.8 -153.5 9.7 10.8

DSB NF (dB) 19.2 19.9 9.5 9.1 9.7 10.8
High-frequency noise at 100 MHz

Current source

stage (M, Ms) -152.0 -1532 -173.3 -1728 213 19.6
Transconductance
stage (Ms, M) 160.8 —161.0 -161.8 —162.2 1 1.2
LO switching
stage (M — M) 169.8 —170.6 -169.8 -171.4 — —
Load stage (Ry) —157.8 -158.3 -160. -161.3 2.2 3
DC level shifter
— — -172.6 -179.6 — —
(My—M),)
Current bleeding
—175. — —185. — 10.1
stage(Mys) 75.5 85.6 0
Output buffer —170.3 -171.8 -170.3 -174.7 — —
Other sources — -163.6 — -166.7 — —
Total -150.4 -153.9 -155.7 -158.7 53 4.8

DSB NF (dB) 11.0 9.7 5.68 4.9 53 4.8

Note: results listed are for g.cs = 13.3 mS, gyurr = 12.25 mS, g0 = 6.8 mS,
Foos=164 Q, rorr = 1.7kQ, R, = 1000 Q, /=0.27 mA, and 4 =0.52 V.

In the proposed mixer, the total output white voltage noise
at the single output port can be expressed as

2
2= Ry /2 2 +
ot,wn (1 + ngSRL)z wn,CS+
N2 2
(l—a)2 + (%) 1+ a)2
(1 + gmcsRL/z) T
R% o 2 o
x 7 ’ lvzvn,RF+ + 4RL : l%vn,sw—i—
(l + gmcsRL/2)2 + ( gmcsRL/2 )2
1+ gmcsRL 1+ gmcsRL
X R iy iy (13)
64718

A large noise-reduction in the proposed mixer can be
obtained by increasing the feedback factors g,.s and Rp.
However, implementing such increases in the proposed mixer
involves various tradeoffs; for example, to achieve a large
Zmes, the size or current of the tail current transistor needs
to be increased. The large transistor needs to decrease the
overdrive voltage for low current consumption, but it is lim-
ited by the threshold voltage. In addition, the large current
increases power consumption and the switching noise in
(4) and needs to decrease Ry under the voltage-constrained
condition, which results in low conversion gain. Neverthe-
less, if Ry is increased to obtain a large feedback factor, the
voltage headroom is issued. Therefore, the proposed mixer
in Fig. 1 is appropriately designed with the transistor length
(L) of 0.2 pm, transistor widths of M 2 (W} 2) of 240 pum,
W34 of 48 um, Ws_g of 300 pum, Wo_j> of 200 um, Wi3
of 250 um, Ry, of 1 k2, Vpp of 1.5 V, and total current
consumption of 2.2 mA, including 0.2 mA by the DC level
shifter.

Ill. VALIDATION OF THEORY BY SIMULATION

To validate the theoretical analysis, we simulated the output
noise appearing at the single output port of the conven-
tional and proposed mixers using a Cadence tool. The noise
at the single output port is a total noise consisted of the
common-mode noise and the differential-mode noise. The
conventional mixer was configured with the same circuit as in
the proposed mixer except the DC level shifter. Both mixers
are designed for the same power consumption, conversion
gain, and linearity performances.

Table 1 lists noise contributions (with respect to 50 €2) at
low frequency (10 kHz) and a high frequency (100 MHz)
ranges from the current source, transconductance, switching,
load, DC level shifter, output buffer stages, and other sources;
the other sources include 50-Q2 port input (Rs) and output
(Ro) resistors, gate-bias resistors, and parasitic resistances
of passive components, each of which weakly contributes to
the total noise. The calculation is based on the theoretical
analysis in the previous section except the DC level shifter
and output buffer. Noise current from the DC level shifter can
be converted to that of the tail current source by multiplying
((roo/lro11//1/gmo) xgm1)2 to (3a) and (8a) for the low- and
high-frequency noise calculations, respectively. The output
buffer is configured with a pMOS common-source amplifier
with a 50-2 load resistor (Rp). Noise current from the buffer
stage is multiplied by (Rp//R,)*/R, to obtain output noise
power.

The input-referred flicker noise voltage density of a MOS-
FET is

—3 K 1

Ve ——— . = 14
T CxWL f (14

where K is a process-dependent constant, and Cy is the gate-
oxide capacitance. Note that the values of K and y in (7) and
(9) were approximately extracted from regular noise simu-
lations of MOSFETs and documents offered by the foundry
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FIGURE 5. Noise reduction of the main noise contributors at (a) low
frequency (10 kHz) and (b) high frequency (100 MHz).

provider. The double-side-band noise figure (DSB NF) can
be expressed as

1 Ve
DSBNF = 10log| = ————— (15a)
2 A24kTR;
where
1
A, = ;gmrfRL (15b)

Here, V,4 is the single output voltage noise, and A, is the
conversion gain from the single source voltage to the single
output voltage.

Regarding the low-frequency noise of the conventional
mixer, we recognize from Table 1 that the main noise source
is the tail current source stage. In the proposed mixer, this
noise and flicker noise from the transconductance stage are
strongly reduced by the common-mode feedback, based on
(3). Flicker noise from the switching stage is, however, not
reduced due to the differential output noise, based on (4).
The output buffer’s flicker noise becomes dominant in the
proposed mixer because it is out of the feedback loop and
thus not reduced by the feedback. However, it can be ignored
because the output buffer is generally not used when the IF
amplifier, which has high input impedance, is followed in
integrated circuits.

Regarding the high-frequency noise of the conventional
mixer, the main noise source is the transconductance stage.
In the proposed mixer, the output white noise from that stage
is rarely reduced by the common-mode feedback because it
mostly consists of the differential output described by (8b).
Meanwhile, output white noise from the tail current source
stage is strongly reduced, as described by (8a). White noise
from the load stage is somewhat reduced, as described by
(11).

Fig. 5 shows the noise reductions for the main noise con-
tributors at low and high frequencies. The low-frequency
noise is mainly generated by the current source stage. In the
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situation shown in Fig. 5(a), it is very important to obtain a
large noise reduction of approximately 21 dB by the proposed
feedback technique. In addition, the low-frequency noise
from the transconductance stage is reduced by approximately
14 dB. As a result, the common-mode feedback reduces the
total output flicker noise and also DSB NF by approximately
10.8 dB. As shown in Fig. 5(b), the high-frequency noises
from the tail current source and load stages partly contribute
to the total noise and are reduced by approximately 20 and
3 dB, respectively. Because the high-frequency noise from the
transconductance stage mostly consists of differential-mode
noise, there is little noise reduction by the common-mode
feedback described in (8b). For the switching stage at low
and high frequencies, there is no calculated noise reduction
due to neglect of the channel-length modulation effect in (4)
and (9). As aresult, the proposed feedback technique reduces
the total white noise by approximately 5 dB.

In summary, the proposed common-mode feedback tech-
nique is a simple method to enhance the noise performance
of mixers. All calculations and simulations at low and high
frequencies were well matched. Therefore, the theoretical
analysis was well validated by the simulation.

IV. EXPERIMENTAL RESULTS

To verify the proposed noise reduction technique, the conven-
tional and proposed mixers were fabricated using a 65 nm RF
CMOS process. A microphotograph of the proposed mixer
is given in Fig. 6. The chip size including the pads was
0.94 mm?. All measurements were performed using on-wafer
probing, with a signal generator (Agilent E8257C) at the RF
input and a signal analyzer (Agilent N9030A) at the IF output.
All off-chip losses in the cables, baluns, and DC-blocking
capacitors were de-embedded from the measurement results.
The total bias current consumed 2.3 mA with a supply voltage
of 1.5 V.

Fig. 7 illustrates the calculated, simulated, and measured
single-port DSB NFs for conventional and proposed mixers
with an LO power of —4 dBm at an LO frequency of 2 GHz.
The calculated results were obtained by extrapolation and
summation of flicker noise (—10 dB/decade) at 1 kHz and
white noise at 100 MHz. The single-port DSB NF was mea-
sured using the gain method [16]. The measured NFs of the
conventional and proposed mixers were 22.5 and 12.5 dB at
10 kHz and 10.3 and 6.9 dB at 100 MHz, respectively. As a
result, the measured noise reduction was 10.0 and 3.4 dB
below and above the corner frequency of hundreds of kHz,
respectively. Fig. 8 shows the simulated and measured DSB
NFs versus the RF input frequency for both mixers at an IF
frequency of 100 MHz. Note that the proposed feedback tech-
nique works well at wide bandwidth because the feedback
path from the IF output to the tail current source stage does
not affect the RF signals.

Fig. 9 shows the simulated and measured conversion gains
versus RF input frequency. The measured conversion gains of
the conventional and proposed mixers were 20.2 and 21.5 dB,
respectively. A two-tone test of the proposed mixer with a
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an IIP2 of 0.64 dBm, and an IIP3 of —16.2 dBm in Fig. 10.
The proposed mixer design focuses on achieving low noise
performance. In order to lower noise figure, a higher gain is The DC offset voltage is measured, as shown in Fig. 11,
required as shown in (15a), which leads to decrease in I11P3. which demonstrates that the proposed mixer improves the
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FIGURE 12. Measured port-to-port isolation of the conventional and

proposed mixers.

TABLE 2. Performance comparisons of conventional and proposed
mixers.

(1)
Tech. fiz DSB NF (dB) CG 1IP3  Poc
(m) iy @10kHz @100 MHz (dB) (dBm) (mW)
Conv. o 5 225 103 202 -1495 3.15
Mixer
T 12,5 69 215 -162 3459
Mixer

(1) single-port noise figure, (2) including feedback circuit power dissipation

DC offset performance, compared to the conventional mixer,
as described previously. The conventional and proposed mix-
ers have a good port-to-port isolation characteristic of greater
than 33 dB, as shown in Fig. 12. The measured results are
summarized in Table 2. The conversion gain and IIP3 of the
proposed and conventional mixers are slightly different due
to the loading effect of the common-mode feedback circuit.

V. PVT ROBUSTNESS AND DISCUSSION

A. PROCESS-VOLTAGE-TEMPERATURE VARIATION

The proposed common-mode feedback technique is a type of
negative feedback with PVT robustness, which is described
in detail in this section. Because mismatch and process vari-
ations convert common-mode noise into differential-mode
noise, the differential DSB NF is the main focus in this
section.

Fig. 13 presents process corner simulations and measure-
ments of 42 samples for the differential DSB NF. Using the
proposed feedback technique, the proposed mixer obtained
smaller fluctuations of NF in corner simulation and mea-
surement than the conventional mixer. The measured data
are distributed due to chip-to-chip process variations and
measurement errors. Although on-wafer probing is adopted
for this differential NF measurement of many chips, which
produces measurement errors due to sensitivity to probe
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FIGURE 13. Simulated and measured differential DSB NF of the (a)
conventional and (b) proposed mixers, with process corners (TT FF SS FS
SF) and 42 samples.

touch-down. Nevertheless, the measured result is very similar
to the simulated one in trend.

Figs. 14 and 15 illustrate Monte Carlo simulations with
200 iterations over the process variations and mismatch and
measurements with 42 samples, respectively, for both mixers’
differential NF at 10 kHz in order to demonstrate one of the
benefits of the proposed common-mode feedback technique.
Figs. 14(a) and 15(a) show a wide spread of NF arising from
the mismatch and process variations. As shown in Figs. 14(b)
and 15(b), the proposed feedback technique results in higher
yield in NF with a smaller mean (p) and standard deviation
(o) compared to the conventional mixer. In addition, if the
voltage and temperature variations are considered, the NF
performance is further degraded for the conventional mixer in
Fig. 14(a), whereas the proposed mixer presents more stable
noise performance in Fig. 16(b) due to the negative feedback
structure. The proposed mixer also achieves robustness of
conversion gain and third-order input intercept point (IIP3)
for the PVT variations, which are not illustrated in detail.
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In Table 3, the proposed mixer performances are summa-
rized and compared with state-of-the-art low-flicker-noise

64722

N
Cy C,

Cocr M1:| I-_PM2 T Cac
by
=
lov1s  |F+ IF- lo- ¢
LO+ LO-

RF+ RF-

FIGURE 17. Schematic of the self-oscillating mixer (SOM) consisting of
the proposed mixer and a typical cross-coupled LC-tank VCO.

-10
—— OnlyVCO

oy \\\ -------- SOM w/ Feedback
E -40 | ~ ——— SOMwio Feedback
S
m
8. 70
)
R
s}
Z -100
Q
[72]
£ 130 |
o

-160 - T T -

1e+3 1e+4 1e+5 1e+6 1e+7 1e+8
Offset Frequency [Hz]

FIGURE 18. Simulated phase noise for a VCO only and two SOMs with
and without feedback.

CMOS mixers [11], [17], [18], [19], [20], [21], [22], [23], [24].
The proposed mixer with feedback achieved an excellent
figure-of-merit (FOM).

B. DISCUSSION OF COMMON-MODE NOISE EFFECT ON
Som

As described in Introduction, the common flicker noise
of the mixer degrades the phase noise of the VCO in a
self-oscillating mixer (SOM) [12]; this is because the com-
mon flicker noise flowing into the VCO increases the AM-
to-PM noise. Fig. 17 shows an SOM composed of the
proposed mixer with a current-reuse VCO. The VCO consists
of a cross-coupled nMOS pair, an inductor (Lt), a var-
actor (Cy), an AC-coupling capacitor (Cy), and a bypass
capacitor (Cpy). Fig. 18 shows the simulated phase noise
performances for a VCO only as well as for two SOMs with
and without common-mode feedback. The VCO in the SOM
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TABLE 3. Performance summary and comparison to low-noise CMOS mixers.

Reference Process  RF freq. DS(EBI;IF DS(EBI\)JF CG 3-dB BW 11IP3 Vb Ppe FOM1® FOM2®
(hm) (GHz) @10kHz @ 100 MHz (dB) (GHz) (dBm) V) (mW) (dB) (dB)

[11] 0.11 24 14.2® 5.1® 199 2.5 -7 1.3 3@ 20.59©® 1796
[17] 0.13 2.1 8.2% 3.9@ 24.1 0.7 -14.5 1.2 2,14 4279 28.2¢
[18] 0.13 5 - 42 15 5.3 2.5® 1.5 25.5 - -
[19] 0.18 1 253 114 12.9 - 3.6 1.8 33 12.7 16.3
[20] 0.13 2.4 26® 7.2 220 0.7 16® 1.2 3.157 109D 18N ®
[21] 0.13 0.9 24.8% 8.5 18.4 - 12.5® 1 4.0 17.6 30.1®
[22] 0.065 2.4 21.5® 39 11.2 - 6.7 1.2 8.4 10.5 17.2
[23] 0.065 2.4 220 10.5 12.5© 0.2 7.6® 1 1.2 13.5® 17.30®
[24] 0.065 24 9.17 723 14.6©) 0.4 -15.89 1.5 3.82 2231® 14.4®

This work  0.065 2.1 8.7 7.1 21.5 0.4 -16.2 1.5 345 37.4 21.2

M FOMI (dB) = CG - NF@10 kHz — Ppc; @ FOM2 (dB) = CG + IIP3 — NF@10 kHz — Ppc; @ extrapolation; ) single-balanced mixer;
® yoltage conversion gain;© excluding auxiliary circuit power; 7 LNA+Mixer; ® using a linearity improvement technique

with feedback showed superior phase noise performance
compared to the one without feedback; this is because the
common flicker noise was reduced by the common-mode
feedback. The VCO in the SOM with feedback was somewhat
noisier than the VCO only since the common-mode flicker
noise in the proposed mixer was still present due to the
insufficient amount of feedback. Therefore, it is important to
reduce the common noise in the mixer for high-performance
transceivers.

VI. CONCLUSION

The proposed common-mode feedback for CMOS mixers
suppresses common-mode flicker and white noise with-
out degrading other performances. Noise analysis based on
the negative feedback theory was performed for low- and
high-frequency noise and was validated by simulation and
measurement. As an advantage of the common-mode feed-
back, the proposed mixer reduced common-mode noise and
sensitivity to PVT variations. In addition, the proposed feed-
back technique was very effective in conjunction with other
low noise techniques and improved the phase noise per-
formance in SOM. Therefore, the proposed common-mode
feedback technique can be usefully applied to various active
mixers.
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