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A 0.35-V 520-μW 2.4-GHz Current-Bleeding
Mixer With Inductive-Gate and Forward-Body
Bias, Achieving >13-dB Conversion Gain
and >55-dB Port-to-Port Isolation
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and Rui P. Martins, Fellow, IEEE

Abstract— An ultralow voltage micropower 2.4-GHz currentbleeding active mixer for energy-harvesting Bluetooth low
energy/ZigBee applications is reported. It features a doublebalanced mixer topology combining nMOS current-bleeding
transistors with a pMOS local oscillator switching quad, and
forward-body bias and inductive-gate bias techniques to secure
an adequate performance at a supply voltage down to 0.35 V.
Fabricated in 0.13-µm CMOS, the prototype exhibits a conversion gain of 13.77 dB, a third-order intercept point of −3.5 dBm,
and a noise figure of 18 dB. The power consumption is 520 µW,
and port-to-port isolation is >55 dB. The achieved figure of merit
compares favorably with the state of the art.
Index Terms— Active mixer, Bluetooth low energy (BLE),
CMOS, conversion gain (CG), current bleeding, energy
harvesting, forward-body bias, inductive-gate bias, micropower,
ultralow voltage (ULV), ZigBee.

I. I NTRODUCTION

U

LTRALOW power radios are on great demand for emerging highly autonomous Internet-of-Things (IoT) products conforming with the Bluetooth low energy (BLE) and
ZigBee standards [1]–[3]. To enhance the power efficiency
and ease the interface with the sub-0.5 V energy-harvesting
sources, it is desirable to develop such radios for ultralow
voltage (ULV) supplies [4], [5]. Ultralow power ULV RF
circuits are especially challenging, and recent works on active
mixers have saturated around 0.8 V and 1 mW [6]–[11].
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In fact, ULV RF circuits normally suffer from deteriorated
RF performances because of the limited transistor overdrive
voltages and signal swing, and the increment of intrinsic
parasitic capacitances due to larger device sizes. As a result, a
higher bias current is expected for ULV RF circuits to preserve
or recover dynamic performances, being a hard tradeoff with
the power consumption.
Typical down-conversion active mixers offer balanced
RF performances in terms of conversion gain (CG), noise
figure (NF), and linearity [12]. This architecture stacks an
RF transconductance stage, a LO switching quad and a load
resistors atop of each other under the supply rail. Hence, active
mixers can normally operate at a high supply voltage, being
impracticable for ULV implementation. The invention of the
folded active mixer has reduced the number of transistors
stacked below the supply rail, by folding out the LO switching
quad and IF output from the RF transconductance stage [13],
[14]. However, extra power is consumed as the bias current
for the transconductance stage and LO switching quad is only
partially shared [5]. Current-bleeding active mixer is an alternative as it can significantly boost the CG and NF [14], [15].
In this topology, the bias current through the RF transconductance stage is the sum of those from the LO switching stage
and current-bleeding stage. Less current flows through the
LO switching transistors result in smaller device sizes, as well
as gate–source capacitances. Then, substantial improvement of
the switching efficiency has been possible [16].
For CMOS circuits’ design at typical supply voltages, the
junction between the body and source of the transistor is
zero- or reverse-biased to minimize the body leakage current
flow into the substrate. Alternatively, for ULV operation, the
body-to-source terminal can be forward-biased properly to
reduce the transistor’s threshold voltage Vth [17], [18]. As the
body-to-source voltage is lower than the p-n junction turn-ON
voltage under a ULV supply, the induced body-leakage current
is negligible. With the reduced Vth , a ULV mixer with adequate
performances becomes more promising even with transistor
stacking [19].
Herein, we propose a ULV double-balanced active mixer.
It innovates by associating inductive-gate bias and forwardbody bias techniques, together with a combination of an nMOS
current-bleeding transistor and a pMOS local oscillator (LO)
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Conventional current-bleeding double-balanced active mixer.
Fig. 2.
Proposed ULV double-balanced active mixer with high RF-LO
isolation.

switching quad, to achieve 0.35-V operation at 2.4 GHz.
With such a topology, the required voltage to bias the gate
of the LO switching quad is no longer dependent on the
RF transconductance stage. The nMOS current-bleeding transistors offer additional shielding between the LO and RF ports,
improving their isolation significantly even at ULV. The CG
is also improved without extra power consumption due to the
inductive-gate bias on the current-bleeding transistors to boost
up the transconductance current. To the best of our knowledge,
it is the first CMOS active mixer operating down to a 0.35V
supply, while measuring a CG of >13 dB and a port-to-port
isolation of >55 dB.
This paper is organized as follows. Section II addresses the
ULV mixer circuit design and analysis. Section III reports
the simulation and experimental results, and the conclusion
is drawn in Section IV.
II. ULV M IXER D ESIGN AND A NALYSIS
A typical double-balanced active mixer with current bleeding is shown in Fig. 1. The LO switching quad (M3 –M6 ) is
stacked atop the RF transconductance stage (M1 and M2 ) [20]
for RF-to-IF down-conversion. To enhance the switching
efficiency of M3 –M6 , pMOS current-bleeding transistors
(M7 –M8 ) are added to assign more bias current to M1 –M2 .
The gate-bias voltage of M3 –M6 can be made slightly
above Vth , as minimally given by
VLO = Vgs3 + Vds1(sat)

(1)

where Vgs3 is the gate-to-source voltage of M3 and Vdsl(sat)
is the drain-to-source overdrive voltage of M1 . From (1), the
high dc voltage required to switch ON M3 –M6 outlays the
limitation of it in ULV operation.

A. pMOS-Based LO Switching Quad With Low DC Bias
Fig. 2 shows the proposed ULV active mixer encapsulating
an RF transconductance stage (M1 –M2 ), a pMOS LO
switching quad (M3 –M6 ), an nMOS current-bleeding stage
(M7 –M8 ), and an RC load (RL1 , CL1 and RL2 , CL2 ).

TABLE I
C IRCUIT PARAMETERS OF THE ULV A CTIVE M IXER

Inductors L d1 and L d2 operate as RF chokes in alleviating
the RF signal from leaking into the voltage supply (VDD).
Inductors L d3 and L d4 are added to the gates of M7 and M8
to enhance the CG (details later). The RF signal is mixed with
LO at nodes x 1 and x 2, between the inductors L d1 and L d2
and the LO switching quad. Transistors M1 and M7 are
designed in cascoded configuration to increase the impedance
seen into node x 1 , improving the LO-RF isolation. Differing
from the typical active mixers, the bodies of the nMOS and
pMOS devices are connected to VDD and ground, respectively,
in order to forward-bias their body-to-source terminals. For
an n-channel MOS, its Vth is given by [17]


Vth = Vth0 + γ ( 2 f − Vbs) − 2 f
(2)
where Vth0 is the threshold voltage when Vbs = 0, γ is the
body-effect coefficient,  f is the bulk Fermi potential, and
Vbs is the voltage between the body and source. Table I
summarizes the circuit parameters of the mixer.
By raising the dc voltage at the body terminal properly, the
value of Vbs becomes positive lowering the effective Vth . Also,
the effective Vth can be controlled by the bias voltage of the
body, which allows dynamic control of Vth for ULV operation.
With the reduced Vth , the minimum VDD to operate the mixer
can be reduced significantly, even with transistor stacking.
Although Vbs is forward-biased, it is still well below the
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By ignoring the gate-to-drain capacitance Cgd7 of M7 ,
its Vgs7 can be expressed by


− j ωRF1·Cgs7 · Vy1
Vgs7 =
.
(6)
1
j ωRF ·C gs7 + j ωRF · L d3
Substituting Vy1 , we get
Fig. 3.

Small-signal analysis of the proposed ULV active mixer.

Vgs7

turn-ON voltage of the p-n junction, which is ∼0.7 V. Thus, the
induced body leakage current is negligible. Recalling that the
typical active mixer (Fig. 1) requires a dc voltage headroom of
>0.5 V to bias the gate of the nMOS LO switching quad, the
minimum dc voltage here is reduced substantially. As a result,
the high-voltage constraint of typical active mixers is resolved
by reducing the input dc voltage entailed to bias the gate of
the LO transistors. Also, using pMOS as the LO switching
quad (M3 –M6 ) coupled with the inductors, as illustrated in
Fig. 2, the term Vds1(sat) in (1) can be eliminated. Also, the
bias voltage required to turn ON the LO switching quad no
longer depends on Vds1(sat) of M1 and M2 , which renders this
design friendly for ULV operation. The dc voltage required
to bias the gate of M3 –M6 is reduced to Vsg (source-to-gate
voltage) that is almost identical to Vth of the pMOS transistor.
The dc voltage at nodes x 1 and x 2 is approximately VDD with
Vsg3 = Vth –the bias voltage, and thus VLO is given by
VLO = VDD − Vth .

(3)

Hence, VDD can be as low as ∼0.35 V for Vth = ∼250 mV.
A dc voltage of 100 mV is adequate to bias the gate
of M3 –M6 . The proposed mixer is designed with an optimum CG at LO power of 0 dBm. The peak amplitude of
316 mV that corresponds to 0 dBm from the LO port is
converted differentially to a peak amplitude of 158 mV with
a dc offset of 100 mV to drive the input of the differential
mixer. Comparatively, for the typical current-bleeding active
mixer, such a bias voltage, should be as high as VDD .
B. Current-Bleeding Transistors With Inductive-Gate Bias
Inductors L d3 and L d4 added to the gate of M7 and M8 can
effectively enhance the CG. To exemplify it, a small-signal
equivalent model of M7 with L d3 is built as shown in Fig. 3.
L d3 at the gate of M7 enhances the small-signal amplitude
of the gate-to-source voltage Vgs7, which subsequently boosts
the effective small-signal RF transconductance current, before
mixing with the LO signal at node x 1 . The small-signal current
entering node y1 is given by


VRF
· sin ωRF t
i y1 = gm1 ·
(4)
2
where gm1 is the transconductance of M1 and ωRF is the RF
angular frequency. As L d3 (6.7 nH) and M7 (250/0.13 μm) are
relatively large, the impedance seen into the source of M7 is
approximately 1/gm7 . Thus, the small-signal voltage looking
into the source of M7 is given by
gm1 VRF
· sin (ωRF t) .
·
(5)
Vy1 =
gm7
2

· V2RF · sin (ωRF t)
− ggm1
.
=  m7 2
1 − ωRF · L d3 · Cgs7

(7)

2 · L
From (7), it is clear that if (1 − ωRF
d3 · Cgs7 ) < 1,
Vgs7 can be boosted by L d3 . with no extra power consumption.
The small-signal RF current i x1 at node x 1 is given by


−gm7 . j ωRF1·Cgs7 · ggm1
· V2RF · sin (ωRF t)
m7
i x1 =
1
j ωRF ·C gs7 + j ωRF .L d3 .Cgs7


−gm1 · V2RF · sin ωRF t
=
.
(8)
2 · L ·C
1 − ωRF
d3
gs7

Similarly, the out-phased small-signal current at node x 2 is


gm1 · V2RF · sin ωRF t
i x2 =
.
(9)
2 · L ·C
1 − ωRF
d3
gs7
Thus, the differential mixer output current is derived as
i IF = (i x1 − i x2 ) · sq(ωLO t)

(10)

where sq(ωLO t) is the square-wave input for LO hard
switching, which can be described as [21]




4
1
1
sq ωLO t =
sin ωLO t + sin 3ωLO t + sin 5ωLO t +· · · .
π
3
5
(11)
By considering only the desired frequency spectrum for downconversion and neglecting the higher order terms as these
spurs are filtered out at the subsequent stage of a receiver,
the i IF can be expressed as
i IF =

2gm(1,2) · VRF


2 ·L ·C
π 1 − ωRF
d3
gs7
· (sin (ωRF − ωLO ) t − sin (ωRF + ωLO )) .

(12)

Finally, we deduce the CG as given by
VIF
=
VRF

2gm(1,2)
 · RL(1,2) ·sin (ωRF −ωLO ) t.
2 · L ·C
π 1−ωRF
d3 gs7
(13)


From (13), it can be deducted that the mixer’s CG is improv2 · L · C ) < 1. At 2.4 GHz, L
able under (1 − ωRF
d3
gs7
d3 = 6.7
nH and Cgs7 ≈ 300 fF were chosen to achieve
2
(1−ωRF
· L d3 ·Cgs7 ) = 1−(2π ×2.4G)2 ×6.7n ×300 f ≈ 0.54.

Consequently, the overall CG is derived as


2gm(1,2)
VIF
=
· R L(1,2) · sin(ωRF − ωLO )t
VRF
π × 0.54

(14)

which shows that the CG is increased by a value higher
than two.

TAN et al.: 0.35-V 520-μW 2.4-GHz CURRENT-BLEEDING MIXER WITH INDUCTIVE-GATE AND FORWARD-BODY BIAS

Fig. 4.

1287

LO leakage for a current-bleeding active mixer (single-ended).

C. Improved LO-to-RF Isolation at ULV Headroom
High isolation between the LO and RF ports is crucial for
direct-conversion receivers as the time-varying dc offset can
highly degrade the signal quality [22], [23]. Here, the term
isolation is defined as the difference in power between the
input signal and the corresponding leakage component of the
input power at the respective ports. Any device mismatches
in the LO switching quad will potentially couple the LO
leakage to the RF port, via the gate–drain capacitance, C gd ,
of the RF transconductance transistors. The typical LO-to-RF
isolation of an active mixer is 40–50 dB [24]. The common
approach to improve the isolation is to add another transistor
between the RF transconductance stage and the LO switching
stage, providing additional shielding from the LO-leakage
components [25], [26]. Yet, this solution entails extra voltage
headroom, which is not feasible here in the ULV design.
Given that our mixer integrates an nMOS current-bleeding
transistor, the isolation between the LO and RF ports can
benefit from it. Fig. 4 shows a simplified view of the singleended current-bleeding mixer that integrates a combination of
a pMOS current-bleeding stage and an nMOS LO switching
quad. If the differential devices of the LO switching quad are
not perfectly matched, the first harmonic of the LO signal at
node X cannot be fully canceled, generating an LO leakage at
the RF port [27]. Such a leakage will be coupled to the RF port
through the intrinsic Cgd of the transconductance stage M1 .
In fact, to achieve high linearity, larger values of the dc current
and gm of M1 are required, which results in a larger transistor
sizing. The latter proportionally increases the intrinsic Cgd ,
degrading the LO-RF isolation.
Fig. 5 shows the conceptual block diagram of the proposed
mixer where the RF port has been shielded from the LO
leakage path by the high-impedance current-bleeding stage.
Z L defines the RF choke. LO leakage potentially couples
through node X or Y to the RF port. The advantage of the
proposed mixer is that the current-bleeding stage and M1 are
cascoded, which implies a high impedance referring into the
node Y , thus, subsequently preventing the LO leakage from
coupling to the RF port.
The observed high impedance Rx referring into the drain
terminal of the bleeding transistor M7 of Fig. 2 is expressed as
Rx ≈ gm7 · ro1 · ro7

(15)

Fig. 5.

High LO-RF isolation of the proposed ULV active mixer.

Fig. 6.

Impedance looking into the nMOS bleeding transistor.

where gm7 is the transconductance of M7 and ro1 (ro7 ) is the
output resistance of M1 (M7 ). Comparatively, the LO leakage
components at nodes x 1 and x 2, as shown in Fig. 4, will
directly couple to the RF port through Cgd without any
extra shielding between the LO-RF port. The proposed mixer
benefits from the high input impedance of the current-bleeding
transistor as an additional shielding element between the
LO and RF ports for better LO-RF isolation.
D. Stability of the Mixer
The stability concern arises due to the integration of the
inductors L d(3,4) at the gate of the bleeding transistors. Such
inductors potentially cause negative impedance (Z in ) referring
into the source terminal of the bleeding transistor. A welldesigned circuit is essential for this mixer, and insight of
the small-signal analysis has to be undertaken to ensure that
the circuit is able to operate properly without instability.
Fig. 6 shows the small-signal model for the analysis of Z in




1
2
Z in =
· L d3 · Cgs7 . (16)
· 1 − ωRF
gm7 + j ωRF · Cgs7
2 · L · C ) > 0 and this proves that the
From (16), (1 − ωRF
d3
gs7
mixer is in stable condition at 2.4 GHz.

E. Leakage of Spurious Signals at the IF Output
Fig. 7 illustrates the various feedthrough paths for the
IF signals, which potentially leak to other nodes of the
circuit. The spurious signals located at the output IF port
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Fig. 8.

Fig. 7.

Analysis of output spurs.

might leak through resistors RL(1,2) . High-frequency spurious
would initially short to ground through capacitor CL(1,2).
Thus, only the IF signal and other low-frequency spurious
leak through resistors RL(1,2). At nodes x 1 and x 2 , the lowfrequency components together with the RF input signal will
flow through M3,4 and reach the nodes y1 and y2 .
L d(1,2) resonates with the parasitic capacitance to present
a high impedance path at the operating frequency to prevent
RF signal leakage through VDD , eventually driving the
majority of the RF signal toward the LO switching quad.
The low-frequency components that are far away from the
resonant frequency will sink to VDD through inductors L d(1,2),
instead of flowing into the LO switching quad.
F. Noise and Linearity Analysis of the Mixer
The noise of the proposed mixer is analysed based on
the thermal noise contributed by load resistor, LO switches,
RF transconductance stage, and cascoded transistor. The total
output noise is given as [28]
 2 
Vn,out


2
I
RL(1,2)
VIF 2
8K T γ
= 8K T R L(1,2) +16K T γ
+
πA
gm(1,2) VRF


VIF 2
1
2RL(1,2)
+
+ 8K T γ gm(7,8)
(17)
π
gm(7,8) VRF
where K is Boltzmann’s constant, T is the absolute temperature, and γ is the channel noise factor, conventionally given
as 2/3 for long channel transistors, but can be higher for
short channel devices, A is the LO amplitude, and I is the
mixer dc bias current. The first term is due to the two load
resistors, R L(1,2), the second term is the output noise due to
the four switches (M3 –M6 ), the third term shows the noise of
the RF transconductance stage (M1 and M2 ) transferred to the
mixer output, and the fourth term is the output noise due to the
cascoded transistor M7 and M8 . As it is observed from (17),
the output noise increases with the integration of the cascoded
transistor.

Equivalent-circuit model for Volterra series analysis.

In computing the linearity performance of the proposed
architecture, the small-signal equivalent model of the cascode
amplifier transistor in Fig. 8 is adopted to derive the first- and
third-order coefficients of the Volterra series using harmonic
input method. The common-source transistor is modeled by
a Norton equivalent circuit with a current source i y and a
transformed output impedance of Z 1 [29]. Using Volterra
series [30], the third-order intercept amplitude, AIP3 of the
proposed architecture can be derived to be
AI P32 (2ωb − ωa ) =

4
1
gm7,1 ·
3
[1 + gm7,1 A1 ( j ω)] · |A1 ( j ω)|2
1
(18)
·
ε(ω, 2ω)

where



g(ω) = j ωCgs7 + Y1 ( j ω) · 1 − ω2 Cgs7 L d3
(19)


2 2
1
2
ε(ω, 2ω) = gm7,2
+
·
3
gm7,1 + g(ω) gm7,1 + g(2ω)
(20)
+ gm7,3

given that
gm7,1 = gm7
g
gm7,2 = m7
2!

gm7
gm7,3 =
3!

(21)

and
A1 ( j ω) = −

1
gm7,1 + sCgs7 +

1
Z 1 ( j ω)

.

· 1 + s 2 Cgs7 L d3
(22)

In order to improve the linearity, the resulting AIP3 needs to
be increased. In the definition of (1 −ω2 · Cgs7 · L d3 ) ≈ 0.54
with the inductor being integrated, the linearity is enhanced
as the component ε(ω, 2ω) is reduced.
III. S IMULATED AND E XPERIMENTAL R ESULTS
The proposed ULV mixer was fabricated in a standard
0.13-μm triple-well CMOS technology. Fig. 9 shows the chip
micrograph that includes the mixer and its test buffer. The die
area is 0.84 × 1.23 mm2 .
Fig. 10 illustrates the simulated bulk current and threshold
voltage changes against Vbs of the nMOS transistor. At a
0.35 V VDD , the leakage current at the substrate is almost
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Chip photograph of the fabricated active mixer.

Fig. 12. Simulated CG versus LO power with and without inductor at the
bleeding transistor.

Fig. 10.

Vth and Ibs versus Vbs voltage simulated for nMOS.

Fig. 13. Simulated IIP3 versus RF input power with and without inductor
at the bleeding transistor.

Fig. 11.

Vth and Ibs versus Vbs voltage simulated for pMOS.

negligible, and Vth has been reduced to ∼220 mV, which
is beneficial for a ULV design. It is apparent that Vbs must
be <0.7 V. Similar results for the pMOS transistor are given
in Fig. 11. At Vbs = 0.35 V, Vth is ∼300 mV and Vbs must
be <0.8 V.
Fig. 12 exhibits the CG with the presence of L d3 and L d4 .
The simulated CG shows an increment of 4.58 dB at the

optimum LO power of 0 dBm. As the parasitic capacitor at
the source of the LO switching quad has been resonated out
by L d1 and L d2 , the small-signal RF current leakage into
the parasitic capacitor [31], [32] at the resonant frequency
of 2.4 GHz is reduced as well, benefiting further the CG.
Figs. 13 and 14 show the graph for the simulated linearity
and NF, respectively, with and without the integration of
L d3 and L d4 . Without the inductor in place, a CG of 10.69 dB
and a linearity of about −5.7 dBm are observed. With the
inductor integrated, the CG increases to 15.27 dB with a
linearity at about −6.7 dBm. The plot of NF with the inductor
in place in Fig. 14 shows a slight increase in the value of
NF due to the integration of a low-Q on-chip inductor.
Fig. 15 shows the simulated and measured CG of the mixer
with the corresponding LO power. With a fixed RF power
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Fig. 14. Simulated NF versus RF input frequency with and without inductor
at the bleeding transistor.

Fig. 15.

Fig. 16.

Simulated and measured IIP3 .

Fig. 17.

Simulated and measured NF.

Simulated and measured CG.

at 2.4 GHz while sweeping the LO power, the CG of the
mixer can be calculated as
CG (dB) = PIF − PRF

(23)

where PIF is the output power obtained from the spectrum
analyzer and PRF is the input RF power applied from the signal
generator. The optimum CG is ∼13.77 dB at LO power = 0
dBm. The discrepancy between the simulated and measured
CG is ∼1.5 dB, which is likely due to the coupling effect of
process variation in the fabrication.
The linearity performance is measured via a two-tone test
at 2.443 and 2.4442 GHz, along with an LO input at 0 dBm.
The input-referred third-order intercept point (IIP3 ) is −6.7
dBm from simulation and −3.5 dBm from measurement, as
shown in Fig. 16.
The measured NF is ∼18 dB as shown in Fig. 17. Note
that this NF is acceptable, as its noise contribution is reduced

by the gain of its forefront LNA in a receiver. Nevertheless,
the NF is not a very critical parameter for ZigBee
applications [33]. The simulated and measured NF varies
around ∼3 dB; this difference is largely due to the lower CG
that contributes to the increased NF. The parasitic capacitance
at the common-source node of the switching stage degrades
the NF of the mixer. The architecture in [20] integrates the
inductors to improve the NF by tuning out the parasitic
capacitances at the source node of the LO switching transistor.
However, these inductors are not fully utilized to reduce the
total dc voltage headroom as they are in parallel with the
source of the LO switching node. In the proposed design,
inductor L d(1,2) is in series with the mixer core circuit, which
reduces the required voltage headroom while being capitalized
to resonate out the parasitic capacitance at the source node of
the LO switching transistor to improve the NF. On the other
hand, the impedance seen into the source of the LO switching
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TABLE II
P ERFORMANCE S UMMARY AND C OMPARISON

Fig. 18.

Measured port-to-port isolation.

stage is purely a real impedance, and thus the parasitic
capacitance at the switching node successfully resonates out
with the inductor at the resonant frequency of 2.4 GHz.
Fig. 18 shows the measured port-to-port isolation between
the mixer’s input and output. The isolation is >55 dB between
the LO, RF, and IF ports. Due to the cascode configuration of
M1 and M7, this mixer exhibits higher isolation between the
LO and RF ports. At 2.4 GHz, the isolation is as high as 61 dB,
which is superior at ULV. M7 and M8 also add extra shielding
between the LO and RF ports, as they are added between the
LO switching quad and the RF transconductance stage. The
LO leakage to the output nodes VIF+ and VIF− is insignificant
as it will flow to the ground rail, instead of the RF port, as
the capacitance CL1 or CL2 provides a very low impedance
path to ground at 2.4 GHz. Any LO leakage at the output port
will be further attenuated by the load resistor RL(1,2) before
reaching the RF port, leading to an improvement in the LO-RF
isolation.
Table II compares the implemented architecture to state-ofthe-art CMOS implementation that have already been reported

in literature. The dynamic performance is evaluated using the
Figure-of-Merit (FOM) from [13]

 G/20
· 10(IIP3 −10)/20
10
(24)
FOM = 10 log
10NF/10 · P
where G is the general voltage gain (or CG) (dB), IIP3 is
the third order linearity (dBm), NF is given in decibels, and
P is the power (mW). This paper succeeds in achieving a high
FOM of 14.97, while operating at a ULV supply of 0.35 V.
IV. C ONCLUSION
This paper reported the design and implementation of a ULV
2.4-GHz current-bleeding active mixer in 0.13-μm CMOS.
It features a mixer topology combining nMOS currentbleeding transistors, a pMOS LO switching quad, and
forward-body bias and inductive-gate bias techniques to enable
concurrently ULV operation (0.35 V) and ultralow power
consumption (520 μW). The overall performance renders it
highly suitable for ultralow power ULV energy-harvesting
radios such as BLE and ZigBee for IoT applications.
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