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A Simplified Design Methodology for
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Abstract—TIn this paper we present a MOSFET-only implemen-
tation of a wideband Gilbert Cell. The circuit uses a common-
gate topology for a wideband input match, capable to cover the
Wireless Medical Telemetry Service (WMTS) frequency bands
of 600 MHz and 1.4 GHz. In this circuit the load resistors are
replaced by transistors in triode region, to reduce area and cost,
and minimize the effects of process and supply variations and
mismatches. In addition, we obtain a higher gain for the same
DC voltage drop, with a reduced impact on the noise figure
(NF). The performance of this topology is compared with that
of a conventional mixer with load resistors. Simulation results
show that a peak gain of 20.6 dB (about 6 dB improvement) and
a NF about of 11 dB for the 600 MHz band. The total power
consumption is 3.6 mW from a 1.2 V supply.

Keywords—CMOS mixers, MOSFET-only circuits, Gilbert cell,
active mixers, wideband mixers.

I. INTRODUCTION

OWADAYS, the demand for mobile and portable equip-

ment has led to a large increase in wireless communi-
cation applications. In order to achieve full integration and
low cost modern receiver architectures (Low-IF and Zero-IF
receivers), inductorless circuits are required [1]-[5].

In modern communication systems the mixer plays a vi-
tal part, either used in reception or transmission [6]-[8]. It
requires a careful design specially when used in receivers,
since generally in a receiver the input signal is a low power
signal. Therefore, the mixer should be able to ensure enough
conversion gain to relax the performance requirements of both:
previous and following blocks (using active devices). Adding
this factor they are also commonly implemented in CMOS
technology since it reduces cost, enables high integration and
high frequency performance.

In this work an active mixer is presented, based on the
Gilbert Cell. Its behavior and performance will be examined
according to a qualitative and straightforward design method-
ology, and it will be shown that even though distortion gener-
ation mechanisms are not taken in account the approximations
used to determine the gain and NF are accurate.

Inductorless circuits have reduced die area and cost [4].
However, they are usually realized with MiM capacitors,
which require an additional insulator/metal layer, and they
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use poly or/and diffusion resistors, which have large process
variations and mismatches [9].

In this paper our main goal is to design a high gain, very
low area and low-cost wideband mixer, and at the same time
obtain less circuit variability, by implementing the resistors
using MOS transistors (MOSFET-only design) [10]. As it will
be shown, this approach adds a new degree of freedom, which
can be used to maximize the mixer gain, with a minimum
impact in the circuit NF.

For the complete mixer we compare the conventional design
with resistors, and the new MOSFET-only implementation in
terms of gain and NF. Simulation results of a circuit example
designed in a standard 130 nm CMOS technology validate the
proposed methodology.

The circuit presented in this paper is intended for use in the
WMTS, which establishes wireless communication between
an externally worn medical device and other equipment [5].
There are three frequency bands allocated to WMTS: 608 —
614 MHz, 1395 — 1400 MHz and 1427 — 1432 MHz. With
the proposed circuit we intend to cover all the bands allowed
for these applications.

II. MOSFET-ONLY CELL MIXER
A. Current Commutating Mixer Basics

It is well known that depending on the amplitude of input
signal, the differential pair of Fig. 1 can act as a current
commutating stage, which enables the implementation of a
simple mixing operation, [6]. The conversion from current to a
voltage signal at the output can be achieved by a resistor load,
Rp, which has to be considered for both: conversion gain and
noise performance. An alternative approach is to replace these
pure resistive loads by active ones, based on PMOS devices,
which are usually sized for saturation. This has the advantage
of improving the overall gain, but the output DC common
mode level might have to be adjusted by means of additional
circuitry, without affecting distortion (IIP3 and IIP2). Instead,
this work explores the use of active loads operating in triode
region, which simplifies the overall process design, minimizing
the distortion penalty.

The switching operation of the differential circuit repre-
sented in Fig. 1 is obtained when a large signal (e.g., coming
from a local oscillator, vro is applied at the gates of the
differential pair. To act as an active mixer (meaning an
effective conversion gain), M7 and M, are preferably switched
between saturation and OFF states. Not only the switching
function is guaranteed, but also, when saturated, the transistor
acts as a current buffer relatively to the current signal injected
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Fig. 1. CMOS differential pair.

at the source terminal. Under these conditions, their bias point
can be considered to vary periodically in time, [6], and the
current flowing in each branch depends not only on the biasing
current, Igg, but also on the differential voltage vz o, as it is
demonstrated by

. Iss | Igs VLO 1 VLO 2
ipr=—>+ 2" —— [l = — | ———
2 2 (Vs —VWa) 4 \Vgs — Vi

ipg = 158 _Iss _vio _ 1,1(%70)2
2 2 (Vys — Vi)? 4\ Vs = Vi) 7

where the transistors where assumed to be saturated (when
conducting) and V; is the threshold voltage. These results
clearly show that when the differential voltage vz o is greater
than Ve (given by Vs —V;) one of the transistors switches
off and the current flows only through one branch. When the
instantaneous local oscillator (LO) differential voltage vy is
lower than V., the biasing current is then balanced between
the two branches. During this last interval, the differential
pair presents a higher transconductance increasing the noise
contribution at the output.

The analysis of the circuit presented relies mostly on the
common differential pair analysis. In a common differential
pair, the parameters can be easily retrieved considering a
linear behavior where it is assumed that we are facing weakly
variations. However, the same approach can be done when the
differential pair is working over the non-linear region of its I-
V characteristic. If we consider that the differential pair has a
periodic behavior thus having also periodic parameters, a time
evaluation of the circuit behavior will allow to achieve average
parameters value. This means the circuit characterization can
be made as similar as the one done over the linear region but
with average values.

1

B. Conversion Gain

The previous circuit can be used as a single balanced
mixer, if we superimpose the incoming RF signal on the bias
current source, ¢7ss. Then the mixing effect is obtained through
current commutation (mixing is done in the current domain),
since the variable current will be translated to the output
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of the mixer at the switching frequency, which results in a
frequency translation of the input signal. A key parameter of
the mixer is the achievable conversion gain, which measures
the relation between the signal strength at the IF and the RF
incoming signal. A new circuit technique to maximize this gain
is the main goal of this paper. If a periodic vy is used with
amplitude high enough, the time that both transistors are active
is reduced significantly. It is important to clarify that both
transistors in the dynamic regime should alternate between
the saturation region and cut-off, to achieve a conversion
gain higher than one. By taking into account the previously
determined current equations, one can define a function which
relates the output current as a function of the instantaneous LO
voltage vro(t) and the input current, [6], [7],
Io +io =ip1 —ip2 = F (vro (1) ,iss) 2

where I and i( are the differential output mixer currents.

For a periodic local oscillator, then it can be assumed that
the differential pair has a periodically time-varying behavior,
which a first order response can be obtained by taking the
firsts components of the Taylor expansion:

I = F (vro(t),iss) = po(t)

0F (v t),1 . .
0= 0Fvro (t), iss) SS)ZRF =p1(t)irr,

3)

where p; (t) represents the periodic trapezoidal function caused
by the LO, which is shown in Fig. 2.
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Fig. 2. Switching pair first order response, according to [6], [7].

As one can see, using a sine-wave to drive the switching
pair, instantaneous switching is not possible and the current
output instead of a perfect square wave will resemble a
trapezoid wave. Thus, to determine the conversion mixing
gain, it is important to expand the periodic wave p;(t), by
means of a Fourier analysis. For simplicity, it is considered
that over the time window A (see Fig. 2), the current varies
linearly with time. The trapezoidal signal can be obtained by
subtracting a triangular signal, Fig. 3(a), to the square wave
signal. Therefore, they will be analyzed separately. The Fourier
coefficients of a square wave are given by,
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For the coefficients of the triangular wave, we need to firstly
describe an auxiliary function f(t), represented in Fig. 3(b)
and it is described by

)= —t+1 5
F&)=<t+ Q)
tr(t) ‘ ‘
1
7
-1
(a)
f (1)
1
A Tm% %TLD t;
2 T

(b)

Fig. 3. a) Triangular wave, b) auxiliary function f(¢).

The respective Fourier coefficients are then obtained by,

1 0 _j2mng
Fn=—/Af(t)e TLo " dt

Tro J-4
1 0 2 _j2nny
= Zt+1)e To'adt (6)
Tro _% A
A
- L o (1—6%LO")7
j2mn - A (27n)

resulting on the triangular wave coefficients given by,

_j2an Tpo _j2an Tro _g2mng
Trp =F_,+F,e Tco 2 —F ,e Tro 2 —F,e TrLo

=F_,+(-1)"(Fn — F_,) — Fy
= ((_1)n - 1) (Fn — an)

1 2T JAT _JAT
=((-)"-1) [77 + % (*eTLO "te TLO")]

jmn A (2mn
)]
Using Euler’s trigonometric relation,
Try = ((—1)™ — 1) Pi + %23‘ sin (ﬂn)}
Jjmn A (2mn) Tro ®

one can obtain the periodic waveform p;(t) coefficients,
resulting in,
)} C)]
n .

The previous analysis takes into account half of the coeffi-
cients. For a full characterization, from the Fourier expansion
for a generic function xz(t),

> 2 > o
Xpe T ™ =2j Xp|sin [ —nt
S e (o

and considering only the odd order coefficients (even order
are canceled due to the differential structure of the mixer) the
periodic wave p; (t) is finally given by

Lsinc(TAﬂ (2n — 1))

w(2n — 1) LO

P, =R, —TR,

j 1 T A
Pln:[(_l)’ﬂ_l] |:L+A7_J7L025in (i
™  jrn A(wn) Tro

10

pi(t)=>"
1

2
sin (—ﬂ(Qn - 1)t>.
Tro
an
Considering a differential structure and only the first har-
monic, one can obtain for the output differential current

0 = éSi’l’LC(ATI'fLo) sin (wLot) IRF (t) s (12)
T
where
wAfrLo = arcsin (£> (13)
VLo

In a practical mixer implementation there is no instanta-
neous switching, which leads to power loss at the band of
interest. This loss is linked with the slope of the current
characteristic during the time window A. But if we consider
a high value of LO amplitude (A << TL0), the characteristic
is almost ideal, meaning that,

4
io = —sin (wrot)irr (t) a4

If the transconductance stage is implemented as a common
gate (CG) topology, shown in Fig. 4, with ggs... << Gmgw -
then the current ipp is given by,

15)

iRF = (Imcg + Imbeg ) Vin (WRFL)

where the transistor bulk transconductance, g, has been
included.

Finally, the total mixer transconductance conversion gain is
then given by

Jdo@rrt) 2y
Vin (WREFL) 7 Imoa mbcg/:

ge = (16)

C. Mixer Voltage Conversion Gain

Since the main objective of this work is to implement a low
area wideband mixer, instead of using load resistors, MOS
transistors operating in triode region are employed. The main
idea is that, a higher equivalent resistance can be achieved
for the same DC voltages drop, when compared to a resistive
load. Moreover, this approach aims to minimize the effects
of process and supply variations and mismatches, [9], [10].
For simplicity, it will be considered that the equivalent load
impedance is just given by —1— (as seen in Fig. 4). Then the

) ., 9ds,D ) ) .
AC voltage conversion gain can be simply determined since
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Fig. 4. CMOS differential pair with active loads.

the switching pair can be seen as an amplifier with linear gain
equal to % with source degeneration impedance, and resistive
load:

2 1 1
A= = —,with Z. ~ (g, <<
c T 9ds.D Z. e (ngG + gmbcg) 9ds,D
a7
A~ 2 (ngG +gmbcg)
R — /=
™

9ds,D

where it is assumed that the output conductance of the
switching pair is much greater than the load impedance (these
transistor pair operating in saturation acts as current buffer).

D. Noise Analysis

To analyze the noise produced by the MOSFET-only mixer,
one should determine the amount of time, A, in which the
switching pair is acting as a gain block, as shown in Fig. 5.

A Gm

" 2,

Av
lss j

-V, v, >
A t
VLO
- 1~ ISS
>
AV

(@ (b)

Fig. 5. a) Switching pair I-V relation, b) transconductance during A.

gm1 (t)gm2 (%)
gm1 (t) + gma2(t)
During the time window A, when both transistors are
conducting and the output is defined according a current divi-
sion, the output current has a linear (a rough approximation)

Gm(t) =2 (18)
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Fig. 6. Non-zero transconductance.

dependency on the voltage v, which produces a non-zero
transconductance.

At this point it is important to clarify that it was assumed
that the differential pair should alternate between saturation
and cut off to achieve conversion gain. This is merely because
even though a similar time response (see Fig. 6) could be
achieved if the transitions between triode and cut off were done
(thus allowing the same transconductance description), the
resulting output impedance of the circuit would be mainly de-
pendent on the AC equivalent of a transistor operating in triode
region, that as we know is approximated by a low impedance
resistance. This means that, the circuit performance would be
dependent on the output conductance of the differential pair
instead of the load impedance. Since this transconductance it
is not defined over the entire period of the oscillator, it is
important to determine its average value during 770, taking
also into account that this transconductance is defined twice
per period (as seen in Fig. 6)

2 [7E°
G = / G (8) dt. (19)
Tro Jo
By changing the variable of integration from ¢ to v,
_ 2 Ve 1
Gmp = —— Gm (vLo) dvro. (20)
™Vio J-v, 1 Yo
a <VLO>

Since vpo in the interval is much smaller than Vo the
average value of the periodic transconductance is then given

by [6]-[8]:

_ 4 Va [0
Gm = d
" wVio /7\@ dvro Lo

To analyze the mixer noise, we will consider first the ther-
mal noise of the switching pair. This is a common source stage
(perfect match allows bisection theorem appliance), but instead
of using a transconductance value obtained from a static
operation point, it will be used the average transconductance
(21), [9]. Then the input CG thermal noise, which appears
at the output will be determined taking into account the
level of mismatch at the input, the aliasing effects associated
with the oscillator harmonics (several harmonics will translate
RF transconductance white noise to the IF output), and the
conversion gain. The thermal noise generated by the switching
pair is given by

4 Igs

21
Vio 21

V2 4kTHG ( ! )2 akTy L Iss. ( ! )2 22)
O Men,sw "\ gas,p 7 Vo \9ds,D
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The thermal noise generated by the CG can be calculated
from,

V2 =NV?

0 nyp,cg n¢p,CG

(Aca)?
B 1 (23)
[1 + (gmcc + gmbcc)RS} ’

where N represents the power accumulated from all the
oscillator harmonics aliasing effects, which can be determined
applying the Parseval’s identity

1 52 8
2 -5 °
Tio _/_TLTO |rect (t) |©dt = Z |Rn|? Z 212
(24
Then, the CG thermal noise present at the output is just
given by

pP=

1

2
Vo o Qk‘T’Y(gmcc + gmbc(;) Gds D[l ¥ (gmcg +gmbcg)RS]

(25)

Finally, the thermal noises generated by the source and load
resistances is

— 2 2

Voznf,h,RS - Vnt}uRS (Aca)
2
Imea + Imbeg
= 2kTRg
gds,D[l + (g’mcc + gmbCG)RS} (26)
8kT
2 —

VO nen-Fp 9ds D‘

Defined all the noise sources, the total noise at the output
is given by,

V2 . =V2

o n,mizer o nyp,Rs

+ V2

O nyp,sW

+ V2

0 nyp,Cg

2
Vs ngp,Rp 27

from which the single-sideband (SSB) NF can be deter-
mined by

NF = Vozn,mizer Vo2n mizer (28)
V2”7«th»RS (ACa)2 VOQnth,,RS

The previous considerations results in the following approx-
imation for the total mixer noise figure:

1
NF =1+ |:(’y
RS(QmCG + gmbc(;)Q

[1 + (ngG + gmbCG)RS]2 + 'Y(gmc(; + gmbcg):| . (29)

The Gilbert Cell, shown in Fig. 7, is based on two single
balanced mixers and, therefore, both conversion gain and NF
can be extrapolated from the previous results (30,31). A closer
analysis of the circuit reveals that each single balanced mixer
does not produce the highest output at the same time, so
the differential factor of two is not applicable. Hence, the
conversion gain of the Gilbert Cell is equal to the one of the
single balanced mixer, as indication in equation (17) [6]-[8].
As far it concerns the noise, apart from the contribution of the
load impedance, the noise is twice the single balanced mixer
noise.
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2 +
Ao = 201og [f mee + gmbeg) gmbm)} (30)
s 9ds,D

NF =10log

2
1+ Kv
Rs (ngG + Imbog )2

[1 + (ngG + gmbCG)RS]2 + 'Y(QmCG + gmbcg):|:| . (31)

E. Proposed Design Methodology

The design follows a transistor sizing approach that begins
with the RF transconductance stage, continues by sizing the
mixing stage, and finally the active load is sized. When
compared with a pure resistive load, the PMOS active loads in
triode region can reach higher load AC resistance for the same
DC biasing, thus improving conversion gain and facilitating
output voltage swing. The complete process involves:

1) Firstly, a low current source is selected in order to
understate the power consumption;

2) From the previous current, the CG RF transistor is sized
in order to reach a transconductance level compatible
with a 50 © input impedance matching. The transistor
gate biasing voltage is chosen so that the transistor is
kept always in saturation region.

3) Afterwards, the transistors of the switching pairs, which
perform the mixing operation, are sized in order to be in
saturation during the ON cycle while maintaining non-
conducting state during OFF cycle. Their sizes also have
to ensure a low impedance node between the RF and
mixing stage while at the output IF node their output
resistance shall be much higher than the active loads. In
other words, g4s sw << gds,n, and L% << ggs 0@

4) To ensure that a strong and well deﬁned switching
operation at the mixing stage, the Vo is selected to
be larger than V/2Visar. However, additional headroom
has to be taken into account to accommodate second
order parasitic effects.
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5) Finally the PMOS active loads are sized. The optimiza-
tion is reached, by putting them in triode region, but
sufficiently close to saturation (to improve small signal
resistance). The final widths are then fine tuned in order
to obtain sharper switching current transitions.

III. SIMULATION RESULTS

To validate the theoretical equations, first the circuit is
simulated with resistors (the resistance value is selected in
order to maintain the same DC point) with a value of 433 Q.
The simulations were made with Cadence Spectre RF using
BSIM3v3 for a 130 nm MOS technology. RF frequencies of
600 MHz and 1400 MHz were considered. The amplitude
of the RF input signal is set to 2 mV. This circuit has a
power consumption of only 3.6 mW drawn from a 1.2 V
power supply. Under these design values, a theoretical voltage
conversion gain of 14.65 dB, and a noise factor of 9.1 dB are
estimated.

TABLE I
GILBERT CELL CONVERSION GAIN AND NOISE FACTOR USING
RESISTIVE LOADS

Gilbert Cell w/ res.
600 MHz 1400 MHz
IF(MHz) A:(dB) [ NF(dB) || Ac(dB) | NF(dB)
20 14.27 9.6 12.5 10.4
40 14.25 9.6 12.5 10.4
60 14.16 9.6 12.5 10.4
80 14.16 9.6 12.5 10.3
100 14.07 9.6 12.5 10.3

The simulations results in Tab. I show that the approxi-

mations used results on a maximum error of 15 % for the
conversion gain and a maximum error of 12.5 % for NF
over the WMTS band. The results show a degradation as the
frequency is increased, which is an expected result due to the
parasitic effects.
Afterwards the circuit is simulated with the active loads in
triode region. A MOS transistor operating in triode region can
be modeled by a resistor only if % > 10 (the saturation
region is reached when g, is of about the same magnitude
as g4s), otherwise the transistor should be modeled by a
resistance in parallel with a current source. In this case we
can increase the incremental load resistance without increasing
the DC voltage drop. This allows the gain to be increased
with respect to the circuit with “true” resistors. A theoretical
conversion gain of 22.3 dB, and a noise factor of 8.4 dB are
estimated. The simulation results show a maximum conversion
gain of 20.3 dB and a maximum NF of 10.5 dB as seen in
Fig. 8.

As shown in Fig. 9, in order to maintain the transconduc-
tance and switching stages under saturation, the size of the
triode load has a limited range (as it enters in region A the
output impedance becomes so large that the saturation, is not
achievable in all transistors and the gain begins to collapse).
Maximizing gain, means to choose a load transistor width
close to the optimal point, shown in Fig. 9.
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TABLE 11
ACTIVE LOAD VERSUS RESISTIVE LOAD OVER THE 600 MHz BAND

G. Cell w/ MOS. (1048 ©2) | G. Cell w/ Res. (433 Q)
IF(Mhz) A.(dB) | NF(dB) | Ac(dB) [ NF(dB)
20 20.33 9.5 14.27 9.6
100 20.05 9.4 14.07 9.6

In Tab. II a comparison is made between the simulated
results obtained for the mixer when using pure resistive load
and alternative triode ones. The DC voltage drops between the
two cases are maintained. As expected, an improvement of the
conversion gain is obtained with similar NF level. The effect
of the flicker noise is reduced since the used IF frequency
is sufficiently away from the % corner frequency. Finally, the
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IIP3 of both implementations is simulated for comparison (see
Fig. 10(a) and Fig. 10(b)). The implementation with resistors
presented an IIP3 value of —-6.06 dBm and a IIP3 value of
—8.22 dBm for the implementation with active loads. As we
can conclude the use of load in triode region does not have
significant impact of the mixer linearity.

o i Input Referrad \FZ‘= -6.06413.
-25.0- i
L cB,/CIE. .
-50.0
e
g 75
g
£-100.0 db/db
Port = "[PORTO"
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175 |
500 -40.0 -30.0 20,0 10,0
ot lBrm)
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T
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50.
=
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2 B /o
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125 anj Order freq = 120M
i :
15'! Order freq = 100M
-150. } -
!
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-50.0 -40.0 30,0 -20.0 -10.0
ot Brm)
(b)
Fig. 10. a) Gilbert Cell IIP3 with resistors, b) Gilbert Cell IIP3 with active
loads.

If we consider the optimal design point, where the Signal
to Noise ratio is improved, we can see that the switching
pair current commutation characteristic is not well behaved
as shown in Fig. 11, and yet good performance and accurate
approximations were achieved.

2.0

i

,_.
n f=]
e e ]

FRE Al 'lL
l
l

time (ns)

Fig. 11.
Fig. 9.

Switching pair current characteristic in the optimal point as seen in

By hypothesis, if we relax the current characteristic (mean-
ing that the current gain is no longer %, due to slower
transitions) and at the same time ensure that,
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2
;SlnC(AﬁfLO)(gmcg +gmbcc) << (32)

9ds,D

the circuit is likely to be optimized without affecting signifi-
cantly both conversion gain and NF. Under those conditions,
comparable performance can be obtained with reduction of the
LO power and/or reduction of the switching pair width.

IV. CONCLUSION

In this paper we presented a MOSFET-only implementation
of a Gilbert Cell, based in a CG wideband input match.
In MOSFET-only circuits, the replacement of resistors by
transistors reduces the area and cost and minimizes the effect
of process and supply variation and of mismatches. The new
approach proposed here adds a new degree of freedom, which
can be used to optimize the mixer gain: we can obtain a higher
gain than with resistors for the same DC voltage drop, with a
minimum impact in noise figure.

It was also demonstrated that despite the rough approxima-
tions made, such as neglecting parasitics, output conductances
and distortion generation mechanisms, the equations used for
both conversion gain and noise factor were accurate.

Simulation results of a circuit implemented in a 130 nm
CMOS technology were presented. For comparison, we also
have shown the performance of a conventional mixer with
resistors. Both circuits have the same power consumption of
3.6 mW from a 1.2 supply. For the MOSFET-only mixer we
achieved a gain of 20 dB (about 6 dB improvement), with NF
equal to 9.5 dB.
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