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Abstract. In this paper, dynamic threshold MOSFET (DTMOS) based down conversion Gilbert mixer is
proposed for medical implant communication services (MICS) receiver design using UMC 180 nm CMOS
process. The current source helpers and switched biasing technique are used to progress the performance of the
DTMOS based Gilbert mixer. The proposed design operates at a radio frequency (RF) of 403 MHz with a
maximum conversion gain of 12.5 dB at 5 dBm of LO power. The 1 dB compression point and third order input
intercept point (IIP3) for the proposed design is - 8.79 dBm and 3.92 dBm respectively, with a noise figure (NF) of 6.6 dB at an intermediate frequency (IF) of 10 MHz. This design circuit works in 0.9 V supply
voltage and consumes a dc power of 0.55 mW with the chip area of 0.035 9 0.037 mm2. So, this design with
high conversion gain and better noise performance is a suitable block for MICS applications.
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1. Introduction
In recent years, the growth of medical device mainly
depends upon the improvement of integrated circuits (ICs).
So, there is a huge demand of circuit technology medical
devices to solve the health costs of a large population by
reducing the power consumption and size of used electronics products. Implanted medical devices (pacemakers
as shown in figure 1, neurostimulators, drug infusion, etc.)
are the most demanding in provision to power consumption
among all types of medical devices [1]. The MICS band is
used as short range wireless link to diagnosis and monitor
the biomedical signals in between low power implanted
medical devices and external equipment [2]. The frequency
band from 402 MHz to 405 MHz has been researched for
MICS application by the Federal Communications Commission (FCC) [3, 4]. The MICS-band receiver system
desires fully integrated, low power, small size and low cost
RF front-end over this short range megahertz bandwidth
[5]. Therefore, the proper design of such receiver front-end
is essential for low power operation, which leads to a longer
battery life.
Mixer is one of the key blocks in the RF front-end
design, which converts RF signal to the IF signal with the
help of LO signal as shown in figure 2. Gilbert type mixer
is most preferred among the active mixers due to the best
deal inconversion gain, linearity, isolation and NF.
*For correspondence

However, the drawbacks of such a mixer are higher supply
voltage and more power consumption [6, 7].
The mixer based on folded switching technique works at
low supply voltage and consumes low power. However, it
results high NF and functions in a narrow band range [8].
The folded cascode even-harmonic mixer [9] though consumes less power with low supply voltage; it results poor
conversion gain and noise performance. The subharmonic
cascode FET mixer operates at low supply voltage and low
power consumption, but it exhibits poor linearity with the
implementation of HEMT technology [10]. The body effect
technique based mixer results in low voltage and low power
performance of the circuit with the drawbacks of poor NF
and low conversion gain [11, 12]. High NF and poor conversion gain are the demerits of bulk injection technique
based mixer with the advantage of low dc power consumption [13]. The switched biasing technique [14] based
mixer exhibits smooth conversion gain and improves the
NF but it requires high LO power [15] and results in a
nonlinear operation.
This design focuses on low voltage operation and low
power consumption through the implementation of the
DTMOS instead of normal MOSFET. As well as the conversion gain, linearity, port isolation and NF are improved by
the use of current source helpers and switched biasing
technique. The design is simulated in 180 nm CMOS technology, which provides a conversion gain of 12.5 dB, IIP3 of
3.92 dBm and 6.6 dB of NF. The proposed design consumes
0.55 mW dc power from a supply voltage of 0.9 V.

10

Page 2 of 7

Sådhanå (2020)45:10
voltage for easy signal processing. From figure 3, the
conversion gain (C.G) is analysed and it is represented in
Eq. (1).
2
C.G ¼ gm RL
p

ð1Þ

where gm is the trasconductance of RF stage and RL is the
load resistance of the circuit.

2.2 Proposed Gilbert mixer
Figure 1. Implanted medical device.
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Figure 2. Frequency conversion system.

2. Design and analysis of proposed mixer
2.1 Conventional Gilbert type mixer
The conventional Gilbert cell mixer consisting of load stage
(RL), switching (LO) stage (M3–M6) and transconductance
(RF) stage (M1–M2) is shown in figure 3. The RF stage
translates the RF voltage to the RF current, the conversion
of this RF current to IF current is carried out by the LO
stage and finally the load stage alters the IF current to IF
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Figure 3. Conventional Gilbert mixer.

The design of the Gilbert mixer is too hard due to the contradictory needs of the load resistor current and the input
transistor current. However, in view of the linearity and noise
performance, the input transistor current should be high. To
offer high gain as per Eq. (1), the load resistor current should
be low, which results in large load resistor values [16]. In this
work, the current source helpers are implemented to resolve
this divergence. The switched biasing technique is used in
this design to reduce the NF further.
Figure 4 shows the proposed DTMOS based Gilbert
mixer. The design consists of load stage (RL) with a parallel
connection of current source helpers (M1–M2), switching
(LO) stage (M3–M6), transconductance (RF) stage (M7–
M8) and tail current source stage with a switched biasing
technique (M9–M10). The RL stage converts the IF current
to IF voltage. Here, to address the impedance matching and
voltage headroom issues, the active element M1 and M2
transistors constitute the RL stage. The conversion of RF
current to IF current is done by the LO stage by acting as a
switch for the circuit. The RF voltage is altered to RF
current by the RF stage and the switched biasing stage
improves the noise performance and dc power consumption. Here, DTMOSs with lower threshold voltage are taken
instead of standard MOSFETs to reduce the power consumption. Also, the current source helpers and switched
biasing technique are implemented to improve the conversion gain, noise performance, port isolation and linearity
of the mixer design.
2.2a DTMOS principle: A key aspect of DTMOS is the
ability to tie the bulk to the gate. This is not a standard
option for nmOS in low cost CMOS (single well). However, this aspect regulates the bulk to source voltage (VBS)
with the gate voltage variation [17]. As shown in Eq. (2),
the threshold voltage (VTH) of the transistor reduces with
the increment of the gate voltage, where the bulk and the
gate of the device are interlinked together. Hence, DTMOS
is preferable for low voltage operation due to the large
amount of higher current drive than the normal MOSFET.
Further, DTMOS results a high VTH at VGS = 0 to get low
leakage and a low VTH at VGS = VDD to attain good speed,
which helps for low power consumption with low voltage
operation [11].
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Figure 4. Proposed Gilber mixer design.

VTH ðLO) ¼ VT0 þc

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2 /F  VBS ðLOÞ  c 2 /F

ð2Þ

where VT0 is the threshold voltage at zero substrate bias, c
is the body effect factor, /F is the surface potential and VBS
is the bulk to source voltage.
In figure 4, the LO signal, RF signal and IF signal are
applied to the gate and the bulk of the transistors M3–M6,
M7–M8 and M9–M10 respectively. So, a low bias voltage
operation is possible due to the lesser threshold voltage,
when the gate potential is increased as per Eq. (2). This
causes low power consumption and improved linearity [12].
In DTMOS, depending on how the body terminal is
biased with respect to the gate, there could be consequences
on the flicker or phase noise performance in RF circuits. In
this particular case, flicker noise is reduced by applying the
buried channel conduction principle [18]. Here, DTMOS
gate-to-body biasing is applied to catch the attention of
carrier transport away from the oxide interface, which
results lower flicker noise by reducing the trapping and detrapping charge carriers with respect to channel carrier
density modulation [18].
2.2b Current source helpers: The load resistor (RL) is put in
parallel with the additional current source helpers (M1–M2)
as shown in figure 4 to acquire high resistor values [6]. In
turn, the conversion gain of the proposed design is
increased as per Eq. (1). Here, the current flowing in the tail
current source transistors (M9–M10) is ID9–10 (=2I0) and

M1–M2 transistors each carries a current aI0 (a small part
of I0). In this arrangement, the load resistor (RL) exhibits a
large value with the raised value of a as per Eq. (3), which
outcomes an increased gain.
V0
½ð1aÞ I0 

RL ¼

ð3Þ

where V0 is the maximum suitable drop across RL. The
higher value of RL also reduces the contribution of its input
referred noise, given in Eq. (4).
V2n;in

2

¼ p kT



c

gm78

þ

2
g2m78 RL


ð4Þ

where k is the Boltzmann constant, T is temperature in
Kelvin, c is the excess noise coefficient, gm7–8 is the
transconductance of M7 to M8 transistors and RL is the
load resistor. The noise voltage at each output node due to
the current source helpers (M1–M2) is also expressed in
Eq. (5).
V2n;out ¼ 4kTc

2a I0 2
R þ4kTRL
V0 L

ð5Þ

Since the RL is directly proportional to the voltage
conversion gain, the noise power in Eq. (5) should be
normalized to R2L , which is given in Eq. (6).
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lm
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ð6Þ

So, the total noise owing to the source helpers (M1–M2)
and the corresponding resistors rises with a. Here, the
current sources operate at the edge of saturation to reduce
their transconductance as well as noise current to improve
the linearity of the proposed mixer circuit [19].
2.2c Switched biasing technique: The switched biasing
technique is implemented in the static bias current stage as
shown in figure 4. Here, the tail current source is separated
into two equal size transistors (M9 and M10). Both transistors work with the output signals (IF) periodically in
between strong inversion and an accumulation region
releasing trapped charge carriers. As a result, the flicker
noise is reduced [14] in comparison with the constant
biasing current source, which is briefly explained in figure 5. M1 and M2 transistors are periodically switched in
between two states: (a) an ‘‘operational (on) state’’ in strong
inversion, where it supplies a fixed bias current Ib and
(b) an ‘‘off-state’’ below the threshold value, where no
current flows and fails to remember about its last flicker (1/
f) noise performance [20]. By this switching action between
on and off state, the flicker (1/f) noise is reduced [15, 21].
Hence, a diminish in the noise generated by M9 and M10
transistors in fraction of current source results in a lesser
NF in comparison to a constant current source. Since the IF
output signal is used to operate the tail transistor (M9 and
M10) by using self-biasing, the design does not involvein
the extra bias, which grades low power consumption.

Figure 6. Transient analysis of proposed mixer.

Figure 7. Conversion gain versus LO power.

3. Post-layout simulation results
The designed mixer circuit explained in this proposed work
is implemented in UMC 180 nm technology through the
cadence tool. The device parameters used in the mixer
design post-layout simulation are represented in table 1.
The voltage controlled voltage source (VCVS) is used
through the ports with an internal resistance value of 50 X
to convert single ended output (input) to differential outputs

(inputs) for IF (LO/RF) signals. The parameters such as
conversion gain, 1 dB compressionpoint, port isolation,
IIP3 and NF of the proposed mixer design are simulated at
RF frequency of 403 MHz with 5 dBm of LO power.
Figure 6 represents the transient analysis of the mixer
design, which shows the IF frequency of 10 MHz, which
insures that the design operates at RF of 403 MHz with LO
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Figure 8. (a) LO to IF isolation, (b) LO to RF isolation and (c) RF to IF isolation.

Figure 9. 1 dB compression point of the proposed mixer.

Figure 10. IF power versus RF power (IIP3).

frequency of 393 MHz. The conversion gain plot with
respect to LO power is shown in figure 7. The graph shows
a maximum conversion gain of 12.5 dB, when LO power is
at 5 dBm.
The proposed design achieves a good isolation from LO
to IF of - 65 dB and from LO to RF of - 81 dB and RF to
IF of - 48 dB at the preferred frequency band, shown in
figures 8(a), (b) and (c), respectively.
Figure 9 displays the 1 dB compression point of the
proposed design and it is found to be - 8.79 dBm. The IF
power versus RF power plot (IIP3 plot) of the proposed
mixer is represented in figure 10, which shows the IIP3
value of 3.92 dBm.
Figure 11 plots the NF versus IF frequency graph. The
graph shows that the NF reduces with the IF frequency

Figure 11. Noise figure versus IF frequency.
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The performance of different mixer designs with the
proposed design is tabulated in table 3. From the postlayout simulation results, it is observed that the present
design consumes 0.55 mW power from the supply voltage
of 0.9 V with a small silicon die area occupied by the
design. It also achieves a conversion gain of 12.5 dB, NF of
6.6 dB, 1 dB compression point of - 8.79 dBm and IIP3 of
3.92 dBm. From the reported results in table 3, it seems
that the proposed designed performance in terms of conversion gain, NF and linearity is better. Also, the proposed
design results improved low supply voltage and low power
operation.

4. Conclusion
Figure 12. Layout design of proposed design.

increment and it is about 6.6 dB at the IF frequency of
10 MHz. The layout diagram of the proposed design is
shown in figure 12, where the area of the chip is
0.035 9 0.037 mm2.
The proposed designed simulation results in three process corners with temperature variations are summarized in
table 2. It represents that the proposed mixer parameters
have small changes in these three process corners with
different temperature variations and thus, the proposed
techniques are vital in the design process.

In this paper, the design of a mixer with high conversion
gain, high linearity, low NF, improved low supply voltage
and low power consumption is proposed using 180 nm
CMOS technology. The combination of current source
helpers and switched biasing technique are implemented to
achieve a higher conversion gain, high linearity and low
NF. The design operates at a low supply voltage and consumes low power due to the implementation of DTMOS. It
is found that, the proposed design works at supply voltage
of 0. V while consuming 0.55 mW power with a conversion gain of 12.5 dB at a LO power of 5 dBm, NF of 6.6 dB
and IIP3 of 3.92 dBm. Therefore, the proposed Gilbert
mixer with improved performance should be used as a
building block in the MICS receiver design.

Table 2. Proposed designed simulation results in three process corners with temperature variations.
Process corners
Design parameters

Typical Typical (TT) at 27 °C

Fast Fast (FF) at -45 °C

Slow Slow (SS) at 80 °C

12.5
6.6
3.92
0.9
0.55

11.2
7.4
4.36
0.9
0.85

13.2
6.1
3.12
0.9
0.5

Conversion gain (dB)
DSB NF (dB)
IIP3 (dBm)
Supply voltage (V)
Power consumption ( mW)

Table 3. Performance summary of different CMOS mixer designs.

Ref.
[5]
[9]
[11]
[13]
[14]
This
work

CMOS
process

Frequency
(GHz)

lm
lm
lm
lm
lm
lm

0.402–0.405
5.25
1.9
0.5–7.5
0.2–13
0.403

0.18
0.18
0.18
0.18
0.18
0.18

LO power
(dBm)
2.5
5.5
0
5
5
5

Supply voltage
(V)
1
0.9
0.5
0.77
0.8
0.9

Conversion gain
(dB)
10.2
8.3
8
5.7
9.9
12.5

DSB NF
(dB)

IIP3
(dBm)

Power
(mW)

7.23
24.5
9.7
15
11.7
6.6

- 2.5
0.03
- 10.6
- 5.7
- 10
3.92

0.26
4.95
1.32
0.48
0.88
0.55
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