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Abstract—This paper presents the design and simulation of
a transimpedance amplifier (TIA) for the down-conversion of
an RF mixer. The proposed TIA circuit is based on a negative
resistance amplifier consisting of only a pair of resistors and a
negative transconductor. It was developed in a 180-nm CMOS
process, with a supply voltage of 0.5 V and a power dissipation
of only 860 nW. The TIA has a gain of 201 kA/V, an input
impedance of 18.7 kΩ, and a -3dB frequency of 2.5 MHz.

Index Terms—mixer, transimpedance, downconversion, nega-
tive resistance.

I. INTRODUCTION

Home automation along with the massive use of the Internet
of Things (IoT) has increased the number of connected devices
per person. A few years ago each person used to have only
a personal computer and one smartphone connected to the
internet, but nowadays is common to have some wearable and
home devices also connected. It is estimated that by 2030
this number will reach 40 devices per person, generating an
economic impact higher than 11 trillion a year [1].

Energy consumption is one of the main challenges of IoT
devices. Thus, the power optimization and the design of novel
circuit topologies are very important to design IoT circuits
[2]. In IoT devices the highest power consumption used to be
in the RF transceiver block, generally consuming more than
50% of the total power. This has enabled the development
of new RF transceiver architecture, especially those operating
with ultra-low supply voltage [3]–[5].

A typical RF receiver for low-voltage implementations is
shown in Fig. 1. The front-end first active block is the low
noise amplifier (LNA) that is used to amplify the received
signal with low noise insertion. After the LNA, there is the
frequency down-conversion stage performed by the mixer. Pas-
sive mixers and transimpedance amplifiers (TIA) are usually
used for the down-conversion step. After the down-conversion
process, the analog signal should be filtered, amplified and
converted to the digital.

The down-conversion mixer is one of the main building
blocks of an RF receiver since its noise figure and non-linearity
are important to the performance specifications of modern RF
circuit implementation. Recent proposals in the literature are
increasing with the objective of improving the performance of
passive mixers [6]–[8].
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Fig. 1. Block diagram of a typical RF receiver, with Passive Mixer and
transimpedance amplifier.

The TIA circuit used in RF receivers is generally imple-
mented in CMOS process using classical operational am-
plifier topologies, such as multi-stage operational amplifiers
and fully-differential amplifiers. However, these topologies
present considerable power dissipation even at low-frequency
operation [9]. Some novel amplifier topologies have been
proposed in the literature by using active negative conduc-
tance circuits to compensate for the low voltage gain and
reduced bandwidth of the amplifier without increasing the
power consumption [11], [12]. In [3] and [10] a low voltage
negative transconductance circuit is employed at the inputs
of the single-stage fully differential amplifier to implement
complex filters and variable gain amplifier to be used in
low-energy RF receivers. Additionally, in [14] a simplified
small-signal voltage amplifier based on using only resistors
and negative resistance is introduced. This amplifier present
reduced input impedance and high voltage gain, which are
important characteristics for the implementation of a TIA.
In this paper, we aim to present a preliminary analysis of
using the negative resistance-based amplifier to implement the
TIA of a passive down-conversion RF mixer. Schematic-level
simulation results are presented for the circuit designed in a
CMOS 180 nm process to operate with a 0.5 V power supply.

This paper is organized as follows: the analysis of the
passive mixer with an ideal TIA is presented in Section II.
In Section III the negative resistance-based TIA is analyzed
and in Section IV the simulation results are presented. Finally,
Section V presents the conclusions and proposes some future
works.

II. PASSIVE MIXER WITH IDEAL AMPLIFIER

The TIA modeling can be performed using the quadrupole
voltage amplifier model shown in Fig. 2. Its model is repre-
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Fig. 2. Quadrupole voltage amplifier model.

sented by the input resistance (Ri), output resistance (Ro), and
of course, the non-load voltage gain (AvNL

).
When it is used as a TIA, the gain should be obtained

through the ratio between the output voltage and the input
current. From the amplifier circuit model given in Fig. 2, we
observe that the input current (Ii) can be obtained by the ratio
of Vi/Ri, thus the TIA gain can be obtained by (1). If a
resistive load is considered, the TIA gain becomes equal to
(2). This equation shows that when a load is added to the
circuit the gain is reduced.

AviNL
=

Vo

Ii
=

Vi.AvNL

Vi/Ri
= Ri.AvNL

(1)

Avi = Ri.AvNL
.

RL

RL +Ro
(2)

As we aim to operate with ultra-low voltage, 0.5 V in
this paper, the TIA implementation should be based on fully
differential amplifiers to improve the dynamic range. Fig. 3
shows the quadrupole model of the fully differential TIA.

The basic structure of the mixer is shown in Fig. 4(a), where
VLO turns the switch on and off, producing VIF = VRF or
VIF = 0. The circuit mixes the RF input with all the LO
harmonics, resulting in “mixing spurs” which are the unwanted
effects of its non-linearity. Figure 4 (b) shows the case where
the passive mixer is powered by a current source. In this case,
it is considered that the LNA has a relatively high output
impedance, approaching a current source. Incoming current
flows to the top node about half of the time and flows through
ZBB . In the time domain, it can be represented as (3), S(t)
represents a square wave that alternates between 0 and 1,
and h(t) is the ZBB impulse response. The expression 4
in the frequency domain, represents S(f) as the spectrum
of a square wave. After convolution with the first harmonic
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Fig. 3. Quadrupole voltage amplifier model of the fully-differential TIA.
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Fig. 4. Basic structure of an ideal mixer powered by a voltage source (a) and
a current source (b).
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Fig. 5. Basic circuit for negative resistance based-amplifier analysis. (a) low-
frequency representation and (b) single-pole circuit.

of S(f), Iin(f) is transposed to the baseband and is then
subjected to the frequency response of ZBB(f). A similar
phenomenon happens at the bottom node, but as s2 is driven by
VLO it presents 180o phase difference, generating a differential
signal output.

V1(t) = [iin(t)× S(t)] ∗ h(t) (3)

V1(f) = [Iin(f) ∗ S(f)] · ZBB(f) (4)

Designing the circuit to operate at low voltages helps main-
tain linearity. Unlike the RF port, the mixer is considered non-
linear with respect to the LO port. Ideally, the output amplitude
and phase at the IF port is dependent on the amplitude
and phase of the signal at the RF port and independent of
the same at the LO port. However, depending on the port-
to-port isolation, the output dependency on the LO signal
characteristics varies. Isolation between ports is important as
the presence of a feedthrough signal on another port can affect
the linearity and noise figure of the mixer.

III. NEGATIVE RESISTANCE-BASED TIA

The negative resistance-based fundamental amplifier is
modeled using a voltage divider, shown in Fig. 5 (a). In
which Rneg is an active resistor. The voltage gain (Av) can
be modeled as (5). If only positive resistors are used, its
behavior will be that of a voltage attenuator. However, if Rneg

is negative, the R1 + Rneg << Rneg causing the circuit to
behave as a voltage amplifier. It presents the capability of to
operate as an inverting or non-inverting amplifier, depending
on the denominator of (5). If Rneg < −R1 the circuit works
as an inverter amplifiers, and if Rneg > −R1 is equivalent to
a non-inverter amplifier [14].

Av =
V out

V in
=

Rneg

R1 +Rneg
(5)



As shown in the circuit in Fig. 5(a), the input impedance is
also affected by the negative resistance. It goes to zero when
Rneg tends to −R1, as shown in (6).

Zin = R1 +Rneg (6)

Based on (5) and (6), it is possible to obtain the voltage to
current gain of the amplifier working as TIA, as given by (7).
It is important that the TIA gain depends only of Rneg .

Avi =
V out

Iin
=

Rneg

R1 +Rneg
.(R1 +Rneg) = Rneg (7)

The analysis of the frequency response involves examining
the parallel combination of a load CL and Rneg , as depicted in
Fig. 5(b). This load also represents the parasitic capacitances
present due to the implementation of the negative resistance.
The voltage gain, considering CL can be evaluated by (8). In
the same way, the input impedance is also dependent on CL

as given by (9).

AV (s) =
Rneg

s.R1.Rneg.CL +R1 +Rneg
(8)

Zin = R1 +
Rneg

s.Rneg.CL + 1
(9)

With the previous analysis, we can conclude that is possible
to implement a TIA using a negative resistance amplifier since
it has a low input impedance and can have high gain.

In this project, the negative resistance is implemented using
the cross-coupled negative transconductor. Its schematic is
shown in figure 6. This topology is composed of two PMOS
transistors (M1 and M2), with equal W/L ratio, functioning as
cross-coupled transconductors and two NMOS transistors (M3

and M4) working as current source loads [5]. The transistor
M5 works as an active diode in order to mirror the Iref current
to the M3 and M4 transistors.

VDD

Iref In-In+

M1 M2

M3M4M5

Fig. 6. Negative transconductor with Cross-Clouped and current mirror.

The small-signal model of this circuit gives us symmetrical
input voltages because it is a differential circuit. Equations
(10) and (11) are obtained by the low-frequency small-signal
circuit analysis considering the common-mode signals at nodes
In+ and In− in both the circuit branches.

In these equations gm1 and gm2 represent the transconduc-
tances of M1 and M2, gds1 and gds2 the output conductance
of M1 and M2 and gds3 and gds4 the output conductance of
M3 and M4.

gm1.vin− + gds4.vin+ + gds1.vin+ = iin+ (10)

gm2.vin+ + gds3.vin− + gds2.vin− = iin− (11)

Considering the gm1 = gm2 = gmP , gds1 = gds2 = gdsP ,
gds3 = gds4 = gdsN and vin+ = − vin− , the small signal
equivalent negative resistance (Rneg) at the circuit can be
obtained as shonw in (12).

Rneg = − 1

gmP + gdsP + gdsN
≈ − 1

gmP
(12)

The value of Rneg can be adjusted according to the DC
voltage level, the transistor sizes, and the Iref current level.
The value of the negative resistance is also inversely dependent
on the PMOS transconductance gmP . Therefore, the gm/ID
ratio shows that the negative resistance depends on the mirror
current Iref . The design should be performed to obtain the
target TIA gain and the value of |Rneg| should be near R1 in
order to obtain a reduced input impedance value.

IV. SIMULATED RESULTS

The negative resistance-based TIA was implemented in a
180 nm CMOS technology using low-VT transistors to operate
with a supply voltage of 0.5 V. Because of this, the transistors
are operating at moderate inversion. The transistors of the
circuit from Figure 6 were sized according to [13] in order to
obtain a negative resistance in the range of -100 kΩ. The value
of R1 was defined to be equal to 110 kΩ to make the input
impedance to be around 10 kΩ (or 20 kΩ in differential mode).
The TIA gain, as shown in (7) is equal to Rneg , thus 100 kV/A
(or 200 kV/A in differential mode) in this implementation.

The complete circuit presents a power dissipation of 0.86
µW at 0.5 V of VDD. Figure 7 shows the TIA gain as
a function of the frequency. The low-frequency differential-
mode gain is 106.1 dB or 201.8 kV/A and the -3dB frequency
is approximately 2.5 MHz, considering a capacitive load (CL)
of 100 fF. The simulated differential-mode input impedance
of the TIA as a function of the frequency is shown in Fig.
8. It presents a value of 18.71 kΩ at low frequency and its
value is around 50 kΩ at 2.5 MHz. Figures 9 and 10 show
the results of the Monte Carlo analysis with 200 simulations
for the gain and input impedance of the circuit. This graphs
show that the circuit is sensitive for process variation, that can
be improved by using a robust biasing circuit or employing
calibration after the fabrication.

V. CONCLUSION

This paper has presented the design of a low-power and
low-voltage transimpedance amplifier that aims to be used in
passive mixer implementation. The TIA proposed is based on
using a negative resistance amplifier that is composed only
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Fig. 7. TIA gain as a function of the frequency.
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Fig. 8. TIA input impedance as a function of the frequency.
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Fig. 9. Frequency response for the circuit gain, obtained through 200-runs
Monte Carlo analysis.

of a pair of resistors and a negative transconductor circuit.
The implemented circuit in a CMOS 180 nm technology
presented power dissipation of only 860 nW, input impedance
of 18.71 kΩ, a gain of 106 dB, and -3 dB frequency of
2.5 MHz. In future works we intend to design a passive
mixer using the proposed TIA and to prototype the circuit
for experimental validation.
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Fig. 10. Input impedance obtained with 200-runs Monte Carlo analysis.
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