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In this article, a novel 1.8-5 GHz downconversion mixer is presented. The mixer is designed and simulated using SiGe 8HP
130nm CMOS process technology. The proposed mixer is implemented by incorporating a double-balanced configuration,
active inductor, and current mirror techniques. For performance optimization of the proposed mixer, different algorithms such
as the genetic algorithm (GA), inclined plane system optimization (IPO) algorithm, and particle swarm optimization (PSO)
algorithm have been used. Compared to existing works, this design shows an enhanced conversion gain (CG), a third-order
input intercept point (IIP3), and return loss (S;;) at the expense of the noise figure (NF). Additionally, the design consumes
low power and covers a small chip area compared to other state-of-the-art devices. PSO shows the most promising results
when compared to other optimization algorithms’ results. According to the measurement results after PSO optimization, the
mixer attains a maximum CG of 25dB, an IIP3 of 4dBm, and a NF of 5.2dB at 5 GHz, while consuming only 15mW of DC

power. The mixer operates at 1.2V and covers 0.8 mm? die area.

1. Introduction

With recent advances in the wireless industry, it is desirable
to develop sophisticated receivers with reconfigurable com-
ponents, which can be used to support a variety of wireless
standards, significantly reducing development time and cost.
Software-defined radios (SDRs) have proven to be a promis-
ing candidate that offers considerable flexibility by enabling
various band operations within a single circuitry [1]. Mixers
are one of the most critical components of SDRs.
Generally, mixers can be classified as passive mixers and
active mixers [2]. Based on the design specifications, any of
these mixer topologies can be used. For example, passive
mixers maintain high linearity and good noise figure (NF)
performance at the expense of port isolation. Likewise, the
port isolation problem can be overcome by active mixers.
Moreover, these mixers can provide high conversion gain
(CG) and low NF at the expense of linearity. Gilbert mixers
are one of the common types of active mixers that are widely
used in RF circuits [3-5]. These mixers are adopted in SDR
receivers due to their broadband operation and wideband

coverage [6]. However, because of the parasitic capacitance
at different nodes, these mixers are not suitable for high-
frequency applications. To address this issue, folded struc-
tures can be utilized due to less number of transistor require-
ments; however, they consume high power. Different
techniques can be used to enhance the performance of a
mixer, of which current bleeding appears promising.
Several mixers were reported in the literature based on
the current bleeding approach that integrated inductive
degeneration [7], forward body, inductive gate bias, induc-
tive resonance [8], and gm/ID [8] techniques to improve
the overall performance of the proposed mixers. However,
the proposed mixers were not able to maintain high line-
arity. Therefore, based on literature studies, various promis-
ing techniques have been identified that are capable of
improving linearity performance, such as resistive degenera-
tion [9] and derivative superposition [10]. In [11], an
improved derivative superposition technique is used to
enhance the linearity performance of the mixer. Current
bleeding and current reuse techniques are also used to
enhance CG and NF performance. The proposed mixer not
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only consumed less power but also small chip area. Another
mixer based on source degeneration and current bleeding
with a resistive load approach is proposed in [12]. The pro-
posed mixer consumed less power and attained reasonable
CG and high IIP3 at the expense of NF. To further enhance
the NF and CG performance, another mixer based on the
conventional Gilbert mixer is proposed [13]. The proposed
mixer employed a differential active inductor (DAI) circuit,
a cross-coupled current injection technique, and cross-
coupled current bleeding techniques to improve flicker noise
and CG performance. Active inductor circuitry resonates
with parasitic components, thus lowering the leakage cur-
rent that contains harmonic components and generating
flicker noise [14]. Finally, a high IIP3 and low NF mixer
based on active load, cross-connected design topology, and
current bleeding technique are proposed [15]. The proposed
mixer is well suited for wireless local area network applica-
tions. However, the above proposed designs involve many
tradeoffs among CG, NF, IIP3, and power consumption,
resulting in a more complicated design [16-19]. Moreover,
sizing circuits to meet specific performance specifications is
an intricate and time-consuming process. Nowadays,
researchers are primarily concerned with space limitations
and economic factors. Designers perform several functional
experiments using computer simulations and design soft-
ware in order to meet these requirements. Manual adjust-
ment of the tunable parameters is a time-consuming task.
Therefore, researchers have attempted to employ optimiza-
tion algorithms to optimize the circuit parameters [20, 21].
Genetic algorithm (GA) [22], inclined plane system opti-
mization (IPO) algorithm [20], and particle swarm optimi-
zation (PSO) are some of the commonly used algorithms
to solve the multiobjective problems where CG, NF, and
IIP3 are the objectives or parameters to be optimized
[23, 24]. The implementation of these algorithms has been
described in several studies by researchers, but no work
has been identified that shows the implementation of these
algorithms on mixers. Thus, to the best of our knowledge,
our work is the first to demonstrate such implementation
on a mixer.

In this work, a novel double-balanced mixer was pro-
posed with the objective of achieving high CG and good
IIP3 and an active inductor technique was found to be the
most efficient method to achieve these objectives. Based on
this, an active inductor circuit is employed instead of passive
inductors within the circuit. In addition, a triple transistor
current mirror circuit is used instead of a conventional cur-
rent mirror circuit to control the overall current within the
circuit. Moreover, due to the limitations of the Gilbert mixer,
the proposed design uses mixing stages based on single tran-
sistors, resulting in a small chip area. GA, IPO, and PSO
have been used to optimize mixer performance using an
equation-based approach using MATLAB. The proposed
mixer is designed and simulated in SiGe 8HP 130 nm CMOS
process technology to validate that the optimization-based
design is satisfying the desired specifications. The remainder
of the paper is organized as follows. Section 2 discusses the
proposed mixer design, and Section 3 presents the analysis
of the design. Section 4 describes optimization algorithms,

and the results of the proposed design are discussed in Sec-
tion 5, and finally, Section 6 concludes the paper.

2. Proposed Mixer

Figure 1 shows the design of the proposed balanced mixer.
The mixer consists of a mixing stage, improved current mir-
ror stage, and active inductor stage, respectively.

2.1. Current Mirror. Circuits that mirror current are con-
structed using two main transistors, which reflect current
that flows through one transistor and flows through the
other. Depending on the circuit requirements, the copied
current can be constant or variable [25]. The proposed
mixer’s current mirror stage consists of transistors (T,, T,
T, T,, and Tj) responsible for controlling the current within
the circuitry. Similarly, to maintain symmetry within the cir-
cuit, another current mirror circuit consists of transistors
(Ty-T,5). All transistors operate in the saturation region.
Transistors T, and T, are responsible for mirroring the cur-
rent within the transistors Ty and T,. This current will be
mirrored to the transistors T, and T, which are responsible
for providing the current to the transistors T, or T,,. Tran-
sistors T, or T, also receive current from the transistors T
or T,; so that sufficient current is maintained within the
mixing stage transistors T, and T,, respectively.

2.2. Mixing Stage. The mixing stage consists of n-type field
effect transistors (NFETs) (T, T,). According to the design,
RF+/RF- and LO+/LO- inputs are imparted through the gate
and source terminals. Likewise, IF+/IF- outputs are obtained
at the drain terminals.

Due to their tightly controlled physical sizes, resistors are
difficult to fabricate, which makes transistors an optimal
choice at the load instead of resistors. Further, high CG
requires large drain resistors, resulting in a lower DC biasing
voltage required at the output port. As a result, transistor
operating conditions may be affected. Thus, using transistors
(T, and T,) at the load, the current increases within the mix-
ing stage to such an extent that T, and T, operate in the sat-
uration region and result in minimal flicker noise.
Consequently, this improves the transconductance and
hence the overall CG.

2.3. Differential Active Inductor. There are a variety of pas-
sive electronic components available in complementary
metal-oxide semiconductor- (CMOS) based process technol-
ogies, including bond wires, spirals, multilevel spirals, and
solenoids [26]. The choice of inductors varies with the
application.

Spiral-layout inductors are commonly used in signal
processing and data communication applications. They have
degraded performance because their spiral layout structure
requires large silicon areas, causing a low-quality factor
and low self-resonance frequency. Therefore, active induc-
tors are typically employed in circuits. Various active devices
are used to develop these inductors, including metal-oxide-
semiconductor field effect transistors (MOSFETSs), opera-
tional amplifiers (Op-Amps), operational transconductance
amplifiers (OTAs), and resistors [27]. Inductors are usually
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FIGURE 1: Schematic of the proposed mixer.

used in conjunction with resistors as feedback elements,
which ultimately improve the overall performance of active
inductors. Alternatively, inductors can be used in a gyrator
C topology, which contains two transconductors arranged
in a feedback configuration. As long as DC bias conditions
and signal swing restrictions are met, an actively biased net-
work (a combination of active devices) behaves as an induc-
tor within a specific frequency band [28]. These inductors
have high tunability and quality factors, making them suit-
able for low amplifiers and mixers as differential RF front-
ends.

High linearity is also desired in SDR mixers while main-
taining reasonable CG at the expense of NF, which can be
achieved by using an active inductor across the IF stage of
the design. The active inductor circuit topology is useful
within the mixer circuitry to tune out parasitic capacitors
and thus reduce flicker noise [13]. Various active inductor
topologies are discussed in [29, 30]. We propose a mixer that

uses a differential active inductor with current mirror cir-
cuitry. Cascode reduces output conductance and boosts gain
at high frequencies using this technique. Dual gain stages
were incorporated within this stage to maximize the cascode
effect. The transistors (T,,-T,,, T,s) operate in saturation
region. Moreover, transistors (T,,-T,,) are biased in the tri-
ode region that behave as voltage-controlled resistors. The
bias voltages of these transistors are varied to show the tun-
ability behavior of the inductor. The cross-coupled transis-
tors are balanced with the other transistors, i.e., (T}, and
T,;) and (T, and T,,), respectively. Transistors T, and
T,, are diode loads. Moreover, transistors (T,s-T,¢s) and
(T,5-T,o) deliver current to the next stages.

A current mirror circuit controls the current in the active
inductor by mirroring the current from current mirror
stages from the left- and right-hand sides of the active induc-
tor to transistors (T, and T,s), respectively. RL equivalent
circuit is used to simplify the active inductor circuitry as
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FiGure 2: Equivalent circuit of an active inductor.

shown in Figure 2 [31]. The expressions for the RL circuit
are defined as follows:

Ceq = CgslS’
_1- w? (Cg519cg815/gm19gm15)
P - bl
gmlS
Lo Cen  (;_ “CenCers M
4 917 msImas Im199m1s
_ w2CgsZ3Cg515

eq ~ >
Im159Im189m239m17

where g5, 9i17> Gmige a0d g5 are transconductance of
transistors Tys, Ty, Tyg and T,5. R,y is very small due to
the second-order effect. To obtain the resonant frequency
(wggs)> Req is neglected, which is given by

Wgps = Imi18Im23
Co18Cs23 (1 - w? (Cgswcgsls/gmwgmw))

Wi13We3
) >
(1 - w?/wyowys)

(2)

where w = g,,,/C, for transistors at resonant frequency. Thus,
W15, Wyg» Wyo» and wy,5 correspond to transistors Ty, T g,
T,9 and T,;.

To determine the broadband characteristics of the active
inductors, it is necessary to calculate the quality factor (Q
factor), which can be approximated by the following expres-
sion:

Q ~ wzcgsls (Cg523) _ (4)2 <Cgsz3) CgslS + (4)2 Cgle CgslS -1
gm18 gm23 gm23 gmlS gm19 gmlS
> <w (Cg523) —w Cgsls) B
Im23 Imis
_ (wz/wt23wt18) - (wz/wt23wt15> + (wz/wtlSwtw) -1

(w/wys3) = (Wlwys)

(3)

3. Performance Analysis

3.1. Conversion Gain. Figure 3 shows the complete small sig-
nal model for the proposed mixer circuit for CG analysis.

o out
+
in
8m3 Ves3 l To3
= o
8m IVgsl l Ty,

Figure 3: Complete small signal model for half circuit.

The load and current mirror sections are simply represented
as resistors (rq,, o). Furthermore, the active inductor is
defined using an equivalent RL circuit as shown Figure 2.
Thus, the complete circuit behaves like a common source
amplifier with a source-degeneration resistor. Based on the
circuit shown in Figure 3, the controlled current source
determines the current through Rg. Voltage, V, can be
expressed as

RV,
L= Im3ts Vin , (4)
(1+gm3RS)

Gain, A, can be expressed as

Al — i ngRS ) (5)
Vin 1+ GusRs

Once V, is obtained, the output voltage, V , can be
expressed as

Vout = _RD (gm3 VgsS) = _gm3RD(Vin - Vl)’ (6)

where RD = 7’02 H_jXCeq/2|| ((Req/z) +jXLeq/2) || (RP/Z)
Substituting V', from (5) to (6), we get

ImsRp
== V N 7
out 1 + gm3RS m ( )
where R, =r,.
AO — Vout —_ gmsRD ) (8)
Vin 1+ ngRS

To determine the impact of parasitic capacitors, Cyq3 and

C Miller’s theorem can be used, which relates the

gs3>
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FIGURE 4: Genetic algorithm flow chart.

equivalent capacitance to the gain between the nodes to
which the capacitor is connected. Assume that C,,, C;, and
C, are present at the gate, source, and drain terminals of
the transistor T. Thus, these capacitances can be expressed
by Miller’s theorem as

C

1
Co=Cans (1 - AT)’ ©)

1
Cl :Cgs3<1_ A—1>.

3.2. Noise Figure. To determine noise performance, the low-
frequency noise of all proposed circuitry components is
modeled using noise voltage sources [32, 33]. The first step
is to determine the gain from each noise source to the output
node, ie, V.

The gain from V, and V is expressed as

= Cgs3(1 _Al) + ng3(1 _AO)’

v

n0

Vn2

Vo
Vn5

= ngRO’ (10)

where R, denotes the output impedance at node 0. Further-
more, the gain from V ; and V, is defined as

\%4

n0

Vn3

:ngRO' (11)

— ’ VnO
Vn4

Using the gain factors obtained in (10) and (11), the out-
put noise value can be expressed as

Vao(F) = 2(gmaRo)* Vo (f) + 2(9msRo) Vas (f)- - (12)

The obtained output noise VZ(f) can be related back to
input noise V2__(f) by dividing it by the obtained gain as

neq
mentioned in (8). Thus, it is expressed as

_ 2(GmaR0)* (4kTYIGpms) + 2(gunsRo)’ (4KTY/G,3)
(_gm13RD/(1 + gmlSRS))z

Vieg(f)

>

(13)

where V2,(f) =4kTylg,, and VZ,(f)=4kTylg,,; refer to
the power spectral density of transistors T, and Tj.
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FIGURE 5: Inclined plane system optimization flow chart.

3.3. Linearity. It is essential to determine the nonlinear
behavior of the mixer circuit. Based on the literature study,
we found that resonant circuits are capable of enhancing lin-
earity performance. As per conventional Gilbert mixers, har-
monic generation is possible, especially due to the RF stage,
because the LO stage behaves like a switch and the load stage
contains passive components. Thus, the LO and load stages
do not produce distortions [34]. Within the transconduc-
tance stage, the main sources of harmonics are transconduc-
tance (g,), output conductance (g,), and gate-source
capacitance (C,,), where g, is the most predominant one.

Thus, the equivalent drain current of the transconductance
stage is represented as a function of g, and v,

ids =Y9m (Vg - Vs) +gm/(vg - Vs)z +gm/,(vg - Vs)3+""

(14)

where the coefficients g_, g,.', and g,.'' represent the

transconductance, 2" order, and 3™ order nonlinearity of
transistor transconductance, respectively. Additionally, v,

and v, refer to the gate and source voltages of the transistor.
In addition, switching-stage transistors are responsible for
providing parasitic components, which results in linearity
degradation. Based on the above discussion, it has been
found that the harmonics of the mixer depend on all transis-
tors present within the design and parasitic component
effects.

In the proposed design, a single transistor works as a
mixer; therefore, the parasitic effect and g, are equally

important for the main mixer transistors, i.e., Ty and T,.
Furthermore, the load stage also contains transistors instead
of passive components, and parasitics obtained using T, and
T, are balanced using the active inductor circuit.

Additionally, the circuit also includes current mirror cir-
cuits with resistive loads where the parasitic effect can be
considered. Thus, the drain current i, through the main
transistor T; will be dependent on load and active inductor
stage transistors as well. Additionally, the harmonics will
be dependent on all the transistors T,-T;, within the pro-
posed circuit.

Iy =i + iy (15)

where i, and 7, refer to current flowing through load and
active inductor stages, respectively.

Based on the small signal model shown in Figure 3, the
total current flow through the half-mixer circuit is expressed
in equation (15). Furthermore, the parasitic capacitance at
node V| is denoted by C, which is balanced by the active
inductor circuitry. According to equation (15), the transcon-
ductance G, of the half-mixer is expressed as

G =9m3 + Iz + Imi> (16)

where g, 5, g,.1/,> and g, ,,, refer to the transconductance of
the mixing stage, load stage, and active inductor stage tran-
sistors, respectively.

3.4. Power Consumption. In general, power consumption is
expressed as DC current (I4.) times supply voltage.

Py =14 % Vyqs (17)

where I, and Vg4 refer to DC current and supply voltage,
respectively.

The proposed mixer must be able to provide high CG
and good IIP3 at the expense of NF throughout the entire
band of operation. Therefore, to maintain good perfor-
mance, design optimization, good wideband matching, and
other desired parameters must be taken into account.

4. Optimization Algorithms

Today’s commercial CAD tools can only solve simulation
tasks, not automatic schematic generation. With these tools,
it is impossible to control circuit configurations and all
design performances accurately.

The design process is time-consuming and challenging;
it requires a highly skilled individual to execute it. As a
result, optimizing algorithms become essential for solving
such problems [35]. In the literature, different algorithms
are described, such as genetic algorithm (GA), particle
swarm optimization (PSO), and inclined plane system opti-
mization (IPO) algorithms, that have been successful when
implemented on analog circuits including operational
amplifiers, low noise amplifiers (LNAs), and filters. How-
ever, we believe that our work is the first one to demonstrate
the implementation of these algorithms on mixer circuits.
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This section discusses all of these algorithms and the
process of implementing them on the mixer circuits. Despite
the differences in the implementation process, all these algo-
rithms are aimed at improving the mixer’s performance.
Therefore, the algorithms are implemented one by one to
see how well the proposed mixer performs under different
optimizations and, additionally, how optimized results are
better than unoptimized results.

The whole process is briefly explained as follows: (a)
develop a high-performance reconfigurable mixer, (b) simu-
late using SiGe 8HP 130nm CMOS process technology
(with no optimization), and (c) implement optimization
algorithms under different conditions and requirements as
per algorithms and the proposed mixer. Thus, if desired con-
ditions are met and requirements are fulfilled, then the pro-
cess is completed. Otherwise, it is iterated until desired
results are obtained: (d) comparison and identification of
the best optimization algorithm based on the obtained
results and (e) comparison of optimized and unoptimized
results.

The following is a step-by-step explanation of each algo-
rithm’s implementation.
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FIGURE 9: Layout of the proposed mixer.

4.1. Genetic Algorithm. In the genetic algorithm (GA), opti-
mum parameters for a problem are obtained by following
the natural evolution process. Additionally, GA works well
with complex and nonlinear systems [22].

4.1.1. GA Implementation on Proposed Mixer. In this work,
GA is used as a search algorithm for the optimization of var-
ious performance parameters such as CG, Pdiss, IIP3, S,,,
;1> and NF, respectively. Thus, minimization and maximi-
zation of these parameters are dependent on the values of
various variables such as W/L of transistors, I, C, — C,, R,
- R,, Vy, and L, of the proposed mixer. The implementa-
tion of this algorithm is done in MATLAB to obtain the

RF frequency (GHz)

—A— f=4.45GHz
—o— f=5GHz

—— f=1.8 GHz
—— {=2.589 GHz
f=4.356 GHz

FIGURE 10: S}, -particle swarm optimization.

optimized values of the desired variables and subsequently
satisty the performance and specifications for the proposed
design. Figure 4 depicts the flow chart which highlights the
GA procedure utilized to achieve the required performance.

To start the process, the chromosome is designed to con-
tain the variables specified above, followed by random pop-
ulation creation of this chromosome. Each part of this
chromosome is referred to as a gene (the real value of each
variable). The real value is then converted into binary code
of varied and proper length.

When parameter values of the design differ in scale,
adjusting the length of binary codes depends on the desired
precision and range of each variable [22]. The desired values
and range are as follows: (a) (C,-C,) pF=0.1-6, (b) (R,-R,)
ohms = 50-250, (c)(W/L),— (W/L), = (1-100)/0.13, (d)
V, =0.1-0.7V, and (e)I; = 1-20 mA; GA operators are given
by (a) crossover rate (P.=0.5), (b) mutation rate
(Py; =0.025), and (c) number of generations = 100.

Following this, the fitness or objective function of each
chromosome is obtained. As the fitness function is evaluated
for more than one objective function, it is expressed as

F=) Wyxf, (18)
i=1

where i is the object and f; is the required value of an object.
Likewise, m refers to the number of objects and W,; denotes
the weight coeflicients of i object. Thus, the fitness function
for the proposed mixer is expressed as

Fe Wy XS+ Wy xIIP3+ W xf (19)
"~ Wy X NF+ W x Pdiss + Wi, xS,

where W,,-W,, refer to weights corresponding to perfor-
mance parameters, ie., S,;, [IP3, frequency (f), NF, Pdiss,
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and §;;, respectively. Weights are selected between 50 ym
and 650 ym in accordance with work presented in the liter-
ature that employs a genetic algorithm to enhance overall
performance. In addition, these values are most suitable for
achieving the circuit’s performance objectives [22]. All
expressions defined in Section 3 are used for overall estima-
tion. Once all conditions of the objective function are satis-
fied, the optimum results are obtained. The required
information of parameters and their specified range is avail-
able in chromosomes being realized by genes that corre-
spond to the desired variables for the proposed design. The
obtained results are compared with the simulation results
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FIGURE 13: Measured IIP3-particle swarm optimization.

obtained before applying this algorithm. The optimized
results are later compared with the results obtained from
other algorithms as well.

4.2. Inclined Plane System Optimization. The inclined plane
system technique is characterized by spherical objects such
as balls that interact on a nonrigid, sloping surface to reach
the bottom point. In this algorithm, height values are
assigned to reference points for each ball based on a fitness
function where potential energy is calculated at various ele-
vations by estimating these height values. When these balls
fall, their energy is converted to kinetic energy, accelerating
them downward. In this way, balls begin to lose their poten-
tial energy and reach their minimum point.

In the search space, each ball is described by three coor-
dinates: its position, its height, and its angle with other balls.
The ith position of each ball is defined as

X = (x?.---x‘.i.---x’.’), i=1,2,.--- N, (20)

where x¢ refers to ith ball position within d-dimension in the
n-dimensional space.

xr.ni“<x<gx}““‘X j<l<n. (21)

Position of ith ball is defined below:

Fiw =i

() =% (1)

¢4 = |tan™!

i (22)

where f,(t) refers to the height of the ith ball.
Additionally, the acceleration of the ball due to inclined
planes can be expressed as

a=gxsin (¢). (23)
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TasLE 1: Comparison table.

Ref. 36] (131 37] [38] (39] (0] [41] [42] [43] (Tstjlsslmrll; T(};‘;/mr)k T(}S‘gs/mr)k
Freq (GHz) 24 24 24 110 08650867 24 430 04 15 185 185 185
Va(V) 18 18 18 18 09 15 15 18 18/12 12 12 12
Pdiss (mW) 19.8 10.5 3.8 12.15 1.94 3.82 12 5.15 20 16/15 15.8 15.5
CG(B) 12 237 183 453 2662 1464 -2931 102 32  15-25/167-26/16.5-25 16.2-23.8/16.1-23.5 16.1-23/16-22.5
NE(B) 15 112 124 200 648 723 Nl 67 34  62-8/53-7.8/52-779 54-7.7/535-778 5.6-7.9/5.65-7.8
IIP3 (dBm) -55 -6 -0.9 2.7-38 Nil -15.89 Nil 8.2 -12 -7-1/-5-3/-4- 4 -6-3/-5-2 -6.2-3.5/-5-2
Area (mm®) 09 Nil 0002 Nil 0002  Nil 0056 001 035 0.9/0.8 0.88 0.86

S: simulation results of the proposed mixer without optimization; S1: simulation results of the proposed mixer with PSO; M1: measurement results of the
proposed mixer with PSO; S2: simulation results of the proposed mixer with IPO; M2: measurement results of the proposed mixer with IPO; S3:
simulation results of the proposed mixer with GA; M3: measurement results of the proposed mixer with GA.

Likewise, acceleration within d-dimensional and time, ¢
is expressed as

af(t) = iU(fJ-(t) ~fi0) xsin (¢5(0).  (@4)

Position update for the ball is possible using equation
(22) as below:

x3(t+1) =k, (t) x rand, x a?(t) x A
+ky(t) x rand, x a?(t) x A + x4 (t),

i i

(25)

where rand,; and rand, refer to random constants obtained
with a range of [0,1] and k, (¢) and k,(#) refer to the control
functions which are expressed as

2!
l(t) 71 + e((t=shift;)xscale;) >

(26)

where shift,, scale;, and ¢, are all constants.

%)

k() = — e (27)

- 1+e((t—shift2)><scale2)

where shift,, scale,, and ¢, are all constants.
Finally, the speed of each ball is expressed as

d(t) — xgest(t)A; x?(t) , (28)

where x;. corresponds to the ball with the lowest height.
Figure 5 depicts the flow chart which highlights the IPO
procedure utilized to achieve the required performance. The
following are the steps that are followed to perform this opti-
mization: (a) The population is created randomly based on
the predetermined range. (b) Population fitness (height) is
determined. (c) Best balls are recorded in the external stor-
age (record positions). (d) Every ball’s position is updated;
that is, all nondominant balls are placed in storage. Thus,
if storage reaches a certain limit, supercubes can be created
where balls can be stored according to their coordinates.

(e) The supercubes with the highest number of balls are
identified, and unnecessary points are randomly deleted to
reduce storage capacity [20].

4.3. IPO Implementation on Proposed Mixer. For the pro-
posed mixer, initial simulations are done in Cadence soft-
ware and the results are obtained. Later, IPO is
implemented to optimize the proposed mixer.

The cost function is provided below:

TIP3 x [S,,| X f

CF= .
(NF - 1) x Pdiss x ||

(29)

Figure 6 depicts the flow chart which depicts the IPO
implementation procedure, and the steps are enlisted as fol-
lows: (a) IPO implementation; (b) setting maximum itera-
tions (Max-It) to 100 and number of balls (1) to 30 for
IPO, which is considered as an initial population; (c) the
input parameters were extracted from the IPO and
substituted in Cadence for subsequent simulations; and (d)
all fitness functions are called by MATLAB. Once the best
members have been identified, they are stored in an external
list. The process continues till conditions are met. This opti-
mization has improved the mixer’s performance over that
obtained using prior algorithms.

4.4. Particle Swarm Optimization. The technique is based on
the behaviors of several insects and animals that cooperate
in a swarm, including bees, ants, fish, and birds [24]. The

vectors v and s represent the positions and velocity of the
agents, respectively. By iterating the velocity (30) and posi-
tion update equations (31) reported below, the modified
position of the agent is realized.

Vl;+1 — va +¢ rand1 (pbesti — sf) +c rand2 (gbesti - Sf‘) s

1

(30)

where V¥ refers to the i"-agent velocity at k™-iteration, W is
the weighting function, ¢; and ¢, are the acceleration coeffi-

cients, rand is a random number generator between 0 and 1,

k

sk is the current position of the i"-agent at k™ iteration,

5UB01"] SUOWILLOD BANIERID 3|qedljdde au) AQ PousBA0B 2 A1 VO ‘35N JO S| 10} AJRIQ1T 8UIIUO AB|IA UO (SUON PUIOD-PUE-SULLBIWIOD" B 1M AFiq BUIIUO//SAIY) SUONIPUOD PUE SWLB | U} 885 *[1Z02/TT/90] U0 ARIQIT 8UIUO AB|IM ‘0 0UBI L 1A BISIOAIN A T6998/E/E202/SST T OT/I0p/L00"AB | W AIe.d]PUIUO//STY Woi) papeojumoa ‘T ‘€20z ‘sowll



International Journal of RF and Microwave Computer-Aided Engineering 11

pbest; is the pbest of agent i, and gbest is the global best
of the group. Likewise, the position of each agent is
expressed as

st =gk gk, (31)

The objective function is also optimized in this pro-
cess, where all agents know their best value (pbest), their
x and y positions, and the best value for a group (gbest)
among the pbest values.

4.5. PSO Implementation on the Proposed Mixer:
Specifications and Objectives. The proposed mixer has been
designed based on PSO with an objective function as maxi-
mization of the figure of merit (FOM) of the proposed
mixer. Thus, the cost function is expressed as

IIP3 x [S,, | X f

CF= ,
(NF-1) x Pdiss x |S};]

(32)

where IIP3, S,,, BW, NF, §,;, and Pdiss are linearity in dBm,
gain in dB, BW in GHz, noise figure in dB, return loss in dB,
and power dissipation in mW, respectively. It is, therefore,
necessary to increase CG and IIP3 and reduce NF and power
dissipation in order to maximize the objective function. An
equation-based approach has been used to optimize the pro-
posed mixer, and all the obtained expressions have been
specified in Section 3.

The PSO has been implemented using MATLAB, and all
the design specifications for the mixer design are as follows:
(a) supply voltage=1.2V, (b) CG>10dB, (c) NF<5dB,
and (d) IIP3 > 1 dBm. Similarly, the PSO specifications are
given by (a) swarm size = 30, (b) iterations = 100, (c) ¢;, ¢,
=1, and (d) w=0.4. The design variables for the proposed
mixer are defined as (a) (C,-C,) pF=0.1-6, (b) (R,-R,)
ohms = 50-250, (c) (W/L), - (W/L),, = (1-100)/0.13, and
(d) V,, =0.1-0.7 V.

The design reconfiguration is based on the variation in
the bias voltage Vy corresponding to the transistors T),;-
T,,. Thus, maximum power is transferred when the active
inductor is fully matched with the parasitic capacitances at
the IF end of the main transistors T;-T,. The aspect ratio
(W/L) is achieved upon obtaining the g, V,, and Vg
values using basic transistor equations where mobility, gate
oxide capacitance, and threshold voltage are based on 8HP
CMOS process technology. Furthermore, the linearity of
the mixer is highly dependent on the operating conditions
of the main transistors T, and T,, respectively. To attain
the optimal values of CG, NF, and IIP3, the equations are
represented in equations (8), (13), and (15), respectively [44].

Figure 6 depicts the flow chart which depicts the PSO
implementation procedure, and the steps are enlisted as fol-
lows: (a) PSO implementation, (b) extract input parameters
from PSO and replace them in Cadence, (c) run Cadence
and resimulate, and (d) all fitness functions are called by
MATLAB. Once the best members have been identified, they
are stored in an external list. The process continues till con-

ditions are met. This optimization has improved the mixer’s
performance over that obtained using prior algorithms. The
optimization and measurement results are discussed in the
next section.

5. Results and Discussions

The proposed mixer has been designed and fabricated using
SiGe 8HP 130 nm CMOS process technology. For simulation
purposes, the supply voltage is set to 1.2 V. Upon simulating
the design in Cadence software, it has been found that the
maximum CG reached by the design is 26dB and IIP3 is
4dBm. Similarly, the minimum NF at the maximum fre-
quency is 5.3 dB. Simulation results demonstrate the validity
of the mathematical models for CG, NF, and IIP3. Figure 7
depicts the comparison of CG performance upon implemen-
tation of GA, IPO, and PSO algorithms. From the plots, it
has been found that the proposed mixer attained a maxi-
mum CG (after PSO) of 26 dB upon simulation, which low-
ered to 25 dB upon measurement. Likewise, for IPO and GA,
the maximum CG are 23.5 dB and 22.5 dB, respectively.
Based on the observation, it has been found that the pro-
posed mixer attains the best results when optimized with
PSO. Figure 8 depicts the comparison of NF performance
upon implementation of GA, IPO, and PSO algorithms.
The mixer exhibits a measured NF of 7.8dB at 1.8 GHz
and drops to 53dB at 5GHz. The simulated NF (after
PSO), on the other hand, ranges from 5.3 to 7.8 dB as shown
in Figure 8. Similarly, for IPO and GA, NF is within the
range of (5.4-7.7)dB and (5.6-7.9)dB, respectively. Based on
the observation, it has been found that the proposed mixer
attains the best results when optimized with PSO in terms
of NF. Variation can be observed in the simulated and mea-
sured results, due to inaccuracy of the transistors, parasitic
capacitance effect, and use of external baluns. The proposed
design is also fabricated and tested. The chip die micropho-
tograph is shown in Figure 9 which covers an area of
0.8 mm?®. For chip evaluation purposes, external baluns were
used with an input-matching network present at the RF and
LO ports, respectively. Additionally, an output buffer of 0 dB
gain was also used. On wafer, S;; measurements were made
while fixing the LO frequency of 2 GHz for proposed mixer’s
performance measurement purposes. Thus, with the varia-
tion in the RF frequency from 1.8-5GHz, the measured
return loss (S;;) PSO was plotted as shown in Figure 10.
Upon observation, it has been found that the simulated
and measured S,;; are better than 10dB within the entire
band of operation. Likewise, results for S, after IPO and
GA optimization are shown in Figures 11 and 12. Addition-
ally, the mixer operates at 1.2V while consuming a low
power of 15 mW while maintaining an IIP3 of 4 dBm (after
PSO), as shown in Figure 13. Table 1 depicts the perfor-
mance comparison summary of the proposed mixer (with
and without optimization) with the other works reported
in the literature which employed active inductor technique
within their proposed circuit. Upon comparison, it has been
noticed that the proposed mixer attains good CG and rea-
sonable IIP3 while covering a small area but at the
expense of NF.
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6. Conclusion

This paper proposes a novel reconfigurable downconversion
mixer. The use of an active inductor at the load end of the
main mixing transistors is the mechanism used to maintain
a high gain while improving the linearity. PSO, IPO, and GA
have been used to optimize the proposed mixer. Upon opti-
mization and comparison, the best results have been
obtained when optimized using PSO. The measurement
results after PSO implementation showed a conversion gain
of 25dB, as well as an IIP3 of 4 dBm at the expense of NF of
5.2dB.
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