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Abstract: A CMOS active mixer based on variable load technique
which can operate at 1.0 V supply voltage is proposed and its operation
principle is presented. The proposed mixer controls the load impedance
according to the LO signal. It has only two stacked transistors at each
branch, which is suitable for low-voltage applications. The mixer was
designed in 0.18-um CMOS process and measured in 2.4-GHz ISM
band. With a 2.440 GHz RF input signal and a 2.442 GHz LO signal
(4dBm), the conversion gain is 5.3dB, the input-referred third-order
intercept point is 4.6 dBm, the input-referred 1-dB compression point
is =7.4dBm, and the single-sideband noise figure is 21.7dB. Current
consumption is 3.5 mA at 1.0V supply.
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1 Introduction

The essential goals in integrated circuit design are highly integrated, low
voltage, low power, and so on. These characteristics are especially critical
in mobile wireless communication systems due to the limitation of battery
capacity. With the reducing scale of CMOS technologies, the key problem of
migration to advanced CMOS technologies comes from continual reduction in
supply voltages, resulting in poor performance in analog and RF circuits [1,
2]. Insufficient voltage headroom results in some circuit topologies unable to
satisfy the required specifications or even unable to operate. Hence, research
for low-voltage circuit topologies is important [1, 2, 3, 4, 5, 6].

Mixer is the core component in both transmitter and receiver, and it needs
operate with low supply voltage and low power. The Gilbert-type mixer is
the most mature mixer architecture widely used as the down-converter in
CMOS superheterodyne receiver. Due to large number of stacked transistors
at a low voltage supply and the voltage drops across the load resistors, the
switching transistors and the transconductance stage of the mixer become
critical, so this architecture cannot be used in CMOS advanced technologies
which work with low supply voltage below 1V [1, 2]. To reduce the supply
voltages, some folded mixer architectures have been investigated in [2, 3]
and [6], but they still have some drawbacks: insufficient linearity under low
supply voltage and/or additional inductors increasing area occupation.

In this letter, a low-voltage CMOS down-conversion mixer controlling its
variable load according to the LO signal to achieve mixing, is proposed. It
was implemented in 0.18-ym CMOS process and measured in 2.4-GHz ISM
band.

2 Proposed mixer based on variable load technique

The single balanced version of the proposed mixer enhances suitability for
low-voltage applications based on variable load technique instead of RF cur-
rent commutating, as shown in Fig. 1 (a). Vo and Vp are DC bias voltage.
Transistor M2 operating in triode region acts as the variable load. Its con-
ductance G, (t) is controlled by the LO signal vro(t), that is [7]:

Gr(t) = B,(Vour,s — VB —vro(t) — |Vrupl|), (1)

where (3, is the transconductance parameter, Vryp is the threshold voltage
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Fig. 1. The proposed mixer based on variable load tech-
nique. (a) Basic operation principle of the pro-
posed single balanced mixer and (b) its voltage
conversion gain (Gy) versus LO amplitude. (c)
Double balanced version of the proposed variable
load mixer.

of PMOS transistors, and Voyr,p is DC level at output terminal. In this
study, Gr(t) = 0 in the case of Voyrs — VB — vro(t) — |[Vrap| < 0 for
simplification. When vpo(t) = Viosinwrot, Gr(t) can be expanded in a
series of sinusoids.

o0
GrL(t) =gr0+ Z grL.nsin(nwrot). (2)
n=1
When Vio < Vour,s — Ve — |Vrurl, 9ro0 = Bo(Vour,s — Ve — |Vruel),
gr.1 = —BpVro, and g1, = 0 for n > 1. On the other hand, the harmonic
components gr,, (n = 3,5,7,...) generate when V.0 > Vour,5—Ve—|Vrup|.
In this case, g0 and gy, 1 are given by

1 60\ . cos @
gro = BVio [(5 + ;) sinf + ] 3)
1 6 sinfcost
g1 = —BpVio (5 + - + — ) ) (4)
where
0 — sin~! Vour,s — VB — |VTHP|‘ (5)
Vio
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Transistor M1 acts as the transconductance (g,,) stage, and operates
in saturation region. To derive the down-conversion output voltage of the
circuit, focusing on RF input and IF output frequencies, vgpp(t) and v,(t) are
expressed as

vrr(t) = vrpexp(jwrrt), (6)
Vo(t) = Worpexp(jwrrt) + voif exp(j(wrr — wro)t). (7)

The relationship among v, ¢, v, ¢ and v, ;f in Fig. 1 (a) can be written as

Vorf €Xp(JjwrFt) + Voif exp(j(wrr — wro)t)

= —Z1(WRF)[gmNVrf exp(JwrFt) + gL.0Vo,rf eXP(JwrFT)]

—Z1(wrF — wLo)[9L,0V0,if €xp(j(WrRF — wWLO)T)

+((Ggz.1/2)vo,r s exp(j(wrr — wLo)t))], (8)
where g,,n is the transconductance of the NMOS M1. From this equation,
Vo p and v, ;r are given by

Zr(w

1 im;j;,oLZ(L (ZFR)F) itk ©)

o = 9121 (WRrF — WLO) " (10)
oiif 21491041 (WwrF —wrO) orf:

Vo,rf

Thus, the voltage conversion gain (Gy) of the mixer is given by

Gy = Voif _J 9mNZr(wWrF)  9L1ZL(WRF — WLO) . (1)
v 214 9r0Z1(wrF) 1+ 91,021 (WRF — wLO)

When Zp(wrr), Z(wrr — wio) > 1/gr0, |Gv| s gmnlgral/297 o Fig-
ure 1(b) shows dependence of the voltage conversion gain on LO amplitude
V5o in this case. In small LO amplitude region, the conversion gain increases
proportionally to LO amplitude, which originates from g7, ;. With large LO
amplitude, the conversion gain saturates and even decreases slightly due to
increase in gr 0. From these analytical results, to improve the voltage con-
version gain, the 3, (i.e. W/L) of the PMOS should be decreased, and Vg
and g,y should be increased.

The mixer core proposed in Fig. 1 (a) has some shortcomings. Firstly, it
can be seen from Eq. (9) that the RF feedthrough term exists in the output
voltage, and it is larger than the mixing term. Secondly, the LO feedthrough
will be found in the output if DC current of M1 is taken into account. To
solve these shortcomings, the double balance structure is proposed as shown
in Fig. 1(c¢). It is composed of four parts identical to Fig. 1 (a), four resistors
R are used to sum the transconductance stages’ output voltage, so it can
cancel the RF term in the output voltage of the single balanced version. The
four resistors R and capacitor C also act as a low-pass-filter to filter the
high-order harmonic of the mixing output.

Based on Egs. (9) and (10), the drain voltage at M1, M2, M5 and M6,
namely vy, ve, v3 and vy in Fig. 1(c) are

J(£g01) \ gmn
V1(2,34) = (1 - §W> ;Z—O(ﬂFURF), (12)
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where Zr,(wrr), Zr(wrr — wro) > 1/gr0 for simplification. The first and
second terms of the left hand side in Eq. (12) means RF and IF components,
respectively. Thus

vatve  vitvs _ JgmNGL1
2 2 2 2,

VIF4 — Up— = (vrFy —vrF-).  (13)
It can be seen from Eq. (13) that the RF term in the output voltage is
canceled.

The proposed mixer in this letter is based on variable load technique.
The load transistors (M3-M4 and M7-M8) operate in triode region during
the LO signal period, resulting in their resistances (1/Gp(t)) controlled by
the LO signal. Thus the output has a voltage term to achieve mixing. It can
easily operate at sub 1V low supply voltage because it has only two stacked
transistors at each branch.

3 Proposed mixer design and measurement results

The double balanced version of the proposed mixer which is depicted in
Fig. 1(c) had been fabricated in 0.18-pm CMOS process. Its micrograph
is shown in Fig. 2 (a). The occupation area is 0.53 x 0.405mm?, including
the pads and ESDs. The active chip area is 0.15 x 0.14mm?. To avoid mis-
matches, all the transistors and metal connections in the circuit was placed as
symmetrically as possible [8]. Transistors with non-minimum channel lengths
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Fig. 2. Micrograph and measurement results of the fab-
ricated mixer, (a) Micrograph, (b) Measured con-
version gain versus LO input power, (c) Two-tone
harmonic measurement results with an input fre-
quency spacing of 200kHz, (d) Single side-band
noise figure versus frequency.
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were used to optimize the linearity, 1/ f noise, and device matching. The gate
lengths of NMOS in g,, stage are 0.5 ym and the widths are 100 pm, and the
W/L ratios of PMOS are 160 um/0.2 um. In the RC network, R and C
are 3.4k and 0.5 pF, respectively. All high frequency signals (i.e. RF and
LO signals) were routed on the top or upper metal layer to reduce parasitic
capacitances.

The fabricated mixer was measured in 2.4-GHz ISM band with a supply
voltage of 1.0V using on-wafer RF probes. The DC bias voltages of Vpg
and Vp are 0.65V and 0.25V, respectively. It draws 875uA DC current at
each branch from the supply. The RF signal frequency was 2.440 GHz, and
the LO port was driven by a 2.442 GHz LO signal. The typical LO power
was set at 4 dBm, corresponding to Vzp =~ 0.5V at the gate of PMOS. The
RF signal powers have been corrected to compensate for the insertion loss
of the passive balun, input matching circuit, cable and probe. The mea-
surement results are also shown in Fig. 2. Figure 2 (b) reveals operation of
the proposed mixer shown in Fig. 1(b). Figure 2(c) illustrates the mea-
sured intermodulation distortion versus the RF input power at the input
RF frequencies of 2.4401 GHz and 2.4399 GHz, indicating the input-referred
third-order intercept point in power (Prrp3) is 4.6 dBm and the input-referred
1-dB compression point (Py4p) is —7.4dBm.

The single-sideband noise figure (N Fsgp) versus frequency is illustrated
in Fig. 2(d). The measurement result shows a NFsgp of 21.7dB at the IF
frequency. As the resistances in the RC filter contribute considerable noise
to the output, the mixer’s noise figure is degraded. However, this SSB noise
figure can be acceptable since the noise term contributed from the mixer will
be compressed by the low-noise-amplifier gain as for the total noise figure of
the front-end receiver.

The main performance of the proposed mixer is summarized in Table I,
and compared with several published low-voltage mixers. It can be seen that

Table I. Summary of results and performance comparison.

This *
Parameter work 2] (3] [5] [6]
Supply Voltage (V) 1.0 1.0 1.0 1.0 1.0
CG (dB) 5.3 11.9 6.7 5.8 10.1
Prap (dBm) —74 - —155 | —16.0 —25.4
Prrps (dBm) 4.6 -3.0 —6.0 —6.0 —17.0
NFssp (dB) 21.7 13.9 16.1 16.0 -
RF-IF
Isolation (dB) 615 N N 39 N
LO-IF
Isolation (dB) 63.3 N N 5T -
Total DC
Current (mA) 3.5 3.2 19.0 3.8 12.5
Occupation Area 0.53 % 0.16x B 1.042x 1.38x
(mm?) 0.405 0.20"" 1.102 1.38

* . .
Simulation results
*ok . .
Only active occupation area
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the linearity performance of the proposed mixer is more competitive. High
linearity performance is very important in the front-end receiver because the
linearity of mixer has great impact to the dynamic range of the receiver. This
is a serious issue in low-voltage mixer design. Though the conversion gain
(CG) of the mixers in [5] and [6] are larger than that of this work, there are
4 or 5 inductors in these mixers which would augment their occupation area.
This point also becomes important for low-cost chip fabrication even in more
advanced CMOS process.

4 Conclusion

A novel low-voltage CMOS active mixer was proposed and implemented in
0.18-um CMOS process. The PMOS transistors operating in triode region
are used to act as the active load controlled by the LO signal. This mixer
generates the output having down-conversion term. Measurement results
show that its linearity performance, the single sideband noise figure, and
conversion gain performance are acceptable even under 1.0V supply voltage.
We expect the proposed mixer can operate at lower voltage in more advanced
CMOS process technology due to circuit topology of two stacked transistors,
and its small area occupation is suitable for low-cost fabrication.
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