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Abstract: Designers of RF (Radio Frequency) circuits must exercise caution throughout the different phases of system

design. Prior to implementation, a comprehensive examination of trade-offs inherent in RF system design, encompassing

factors such as power, supply voltage, noise, linearity, gain, and frequency considerations, is essential. This paper delves

into a simulation-based analysis using Advanced Design Systems (ADS), exploring various parameter combinations to

grasp their impact on overall system performance. Focusing on a critical component, the RF mixer, in the receiver front

end, evaluation is conducted across different VLSI (Very Large-Scale Integration) process nodes and design parameters to

comprehend the relationship between numerous performance metrics including conversion gain, noise figure, third order

intercepts, and compression points. The insights garnered from this study offer strategies to enhance esi
intercept d pression points. The insights g d f this study offer strategies to enh RF design

parameters to achieve desired performance characteristics.

Keywords: RF mixer design, linearity, conversion gain, noise, multi-frequency band approach, Performance Evaluation.

1. Introduction

Decades of RF and microwave theory research, along

with nearly thirty years devoted to RF IC (Integrated
Circuit) research, haven't mitigated the significant hurdles
in designing RF circuits and transceivers. These challenges
stem from the diverse disciplines within RF design,
demanding a deep understanding of seemingly unrelated
fields, necessitating a solid foundational background. RF
circuits and transceivers face trade-offs outlined in the RF
design hexagon as shown in Figure 1, such as sacrificing
power consumption or linearity to improve amplifier noise
performance [1]. Meeting the demands for optimal
performance, cost-efficiency, and functionality presents
continuous challenges. Designers aim to support multiple
transceivers across diverse frequency bands for wireless
standards like Wireless-Fidelity (Wi-Fi), Bluetooth, and
Global Positioning System (GPS), etc. This paper evaluates
design trade-offs for a down-conversion double-balanced
RF mixer. Wireless Access Systems (WAS) are vital across
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applications, requiring stringent performance standards in
cost, power, and size. Adoption of recent Wireless Local
Area Network (WLAN) standards like 802.11ax is crucial,
especially in public Wi-Fi projects, optimizing the 5 GHz
band. Internet Protocol (IP) technologies like Voce Over
Long Term Evolution (Vo-LTE) and Voice Over Wireless-
Fidelity (VoWi-Fi) demand integrated governance for
multimedia services, reducing end-user costs [2].

Upgrading wireless transceiver structures is essential for
future demands. The RF mixer translates frequencies as
shown in Figure 2, serving as either a downconverter or
upconverter [2]. Its vital role spans entertainment,
communication, testing, radar systems, etc. RF mixers are
evaluated based on several key performance parameters
like linearity, conversion gain.
Conversion gain efficiency in
amplifying and converting RF input signals to the desired
frequency output, while noise figure indicates its noise

noise figure, and

reflects the mixer's

performance.
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Figure 1. RF design trade-offs - Hexagon [1]

Linearity in RF mixers is vital for signal fidelity and is
evaluated through metrics like third-order intercept point
(IP3) and gain compression, indicating the onset of
nonlinear behaviour and the point where gain starts to
decrease respectively.

Ideal Mixer

RF Input f,, IF Output £+ f,

RF Lo

LO Input f_

Figure 2. Ideal mixer - typical frequency mixing process

The paper is structured as follows: Section 2 reviews
relevant literature, Section 3 outlines mixer design
methodology[2], Section 4 covers experimental process,
followed by results and discussion in Section 5, and
Section 6 concludes with inferences and future scope.

2. Related Work

This survey covers numerous literary works on RFIC
design trade-offs, exploring performance metrics, circuit
architectures, and optimization techniques. Douss et al.
RF CMOS design
optimization techniques for power, gain, and linearity for
multiple standards [3]. Satyanarayana et al. describe the
design flow for a double balanced gilbert cell mixer in a

discuss circuit trade-offs and

130 nm process node for simultaneous enhancement of
performance metrics [4]. Behzad Razavi articulates trade-
offs in RF CMOS (Complementary Metal Oxide
Semiconductor) power amplifier design [5].

Kumar et al. brief trade-offs in low-noise amplifier (LNA)
design for RF various applications [6]. Avvaru S et al.
discuss gain enhancement techniques and more linear RF
mixer design for ultra-low power (ULP) wireless systems
[7]. Dixit et al. present trade-offs in RF front-end design for
multi-standard receivers [8]. E.A. Ball explores trade-offs
in RF mixer design, emphasizing gain, linearity, and noise
balance, etc. performance parameters [9].
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Ravinutala et al. critically study Gilbert cell topology-
based active mixers and performance metrics mitigation
[10]. Wang et al. highlight internal design trade-offs in
passive and active mixer architectures [11].

Padaki et al. discuss techniques for suppressing LO
leakage in RF mixers and their impact on system
performance in full-duplex communication systems [12].
Additionally, recent work focuses on improving RF mixer
performance with inductive peaking and degeneration
techniques for RLAN and LP-WAS [13]. This paper
extends beyond previous works by targeting various
technology/process nodes, mixer design methodology,
approaches,
MOSFET operating conditions and simulation matching
with design to draw inferences on various performance
metrics [4].

and multi-frequency band addressing

3. Design Methodology

The Gilbert cell double balanced down-conversion active
mixer relies on current switching, with resistive loads
based on transistor states (M3-7) as shown in Figure 3. It
consists of three stages: RF Transconductance Stage/Radio
Frequency Stage (TCS/RFS) as a voltage-to-current
converter, Switching Stage/Local Oscillator Stage (SS/LOS)
as a current switching block, and Load Stage/Intermediate
Frequency (LS/IFS) as a current-to-voltage (I-V) converter,
forming a stacked mixer stage topology. The mixer yields
an IF output proportionate to the product of LO and RF
input currents.

Figure 3. Stacked Gilbert cell double balanced differential RF
active mixer

The mixer yields an IF output proportionate to the
product of LO and RF input currents [7]. It employs
differential RF and LO signals for noise tolerance in
comparison with that of the single ended inputs.
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4. Experimental Procedure

The design flow estimates experimental design parameters,
including device dimensions, for the double balanced

|SetL|

| Elect transistor's channel lenoth (technology/process node specific) |

mixer.

Set By
[ Select the load resistance at the output IF stase of the mixer |

Estimate Iy
[ Evaluate the sourcing curtent af set supply voltase and power |

| Compute Wpr and Wy, |
[ Forspecific comversion eain, RF and LO device widths are computed |
| Determine Vpr ,;a0d Vi 0 |
| Overdrive voltages of both the RF and LO input staoes are determined |

Figure 4. Design flow of the conventional mixer

By using the Eq. (1) — (3) an estimation of different design
parameters for transistors shown in Fig. 3 are computed.

Mixer’s conversion gain,
2
A% “g. R (1)

2
L
Current through the transconductors, I = Qg“—”
by Coy
2) .
The transconductance of the transistors, Gm = —=—
(Vas—Vr)
3)

Table 1. License free frequencies for wireless systems in India [14]
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Application specific Wireless
equipment

Range of
Frequencies

2400 - 2483.5 MHz  Equipment with low power

Low Power Wireless Access Systems
(LP-WAS) - Radio LAN / Wireless

I _ANT

5725 - 5875 MHz

A multi-frequency band approach is proposed for
comprehensive design validation. Table 1 outlines various
frequency ranges that can be used for both RF and local
oscillator inputs to achieve a down-converted output
intermediate frequency of 100 MHz.

The mixer specifications outlined in Table 2 are crucial for
the design process. This design is tailored for the 130 nm
CMOS technology node, and identical specifications are
applied to the other nodes (180 nm) discussed in this
paper, using the previously described equations and mixer
specifications [7].
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Table 2. Mixer specifications and computed design parameters

Parameter Value
Supply voltage, Voo 13V

D.C Power, Pa. <5mW
Conversion gain, CG >10dB
Noise figure (SSB), NF <10dB
Third order input intercept, IIP3 >-10 dBm
1-dB gain compression, 1-dB GC >-15dBm
Transistors Gate length, L 0.13 pm
TCS/RF transistors Width, Wrr 130 um
SS/LO transistors Width, Wio 65 um
Mixer’s Current source, Iss 2 mA

IF output Load resistance, Rt 500 Q

RF overdrive voltage, Vrr_op 60 mV
LO overdrive voltage, Vio_op 120 mV

5. Results and Discussion

The mixer design is simulated using Advanced Design
Systems (ADS) software, for high frequency and high
speed applications [15]. Inputs of 1 uW RF power and 1
mW LO power (-30 dBm and 0 dBm respectively) with a
50 Q source resistance are applied, and the output IF
signal is observed for a 500 Q load resistance.

K L]
R23 R24 v.be
R=RD Ohm R=RD Ohm | SRC5
—Lvdc=voD v
Vout1
Vout1 Voul2 4oty
MOSFET| NMOS Vout2 2L
Differential LO WMOSFET3 -
generation MOSFET NMOS
o 1 r— r— -1 MOSFETG vevs
v | 5 5 Width=W2 SRC?
o v SRCS = - e
P o R2=50 Ohm
R2=50 Ohm MOSFET NMOS
Mo$FET5 MOSFET|NMOS i 22 IF
MOSFET4 Num=3
Vout2
vevs v.oc =
" vz Differential-to-single-
ones SacoRp— ended conversion
= je=Vo
- MOSFET NMOS
“—|I|—wpsrFeT Nmgs MOSFET2
= 0 ! mBsFET1 Width=W1
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generation r_ _1
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Vde=Vod RF V

Pdrain2=W2+2e-6

Figure 5. Gilbert cell mixer schematic in ADS using 130 nm
CMOS model files

5.1. Design and Simulation Match
MOSFET operating points are validated and matched with
transistor operation in saturation.Relationships between
overdrive voltage [16] and Vas, threshold voltage and Vs,
and drain saturation voltage Vas are given from Eq.(4) to

(©) .
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(Vds = VRF_od)‘,_u_zl (Vds = VLO_od)MS_s (4)
(Vas = Vindmi-s @)
(Vas = Vasar)mi-s (Vas = Vos — Vindmi—s (6)

5.2. Mixer Simulation for Gain, Linearity and Noise

For accurate simulation, highest-order mixing product is
set. Lower orders speed up simulations but may sacrifice
accuracy, warranting testing for significant result changes
with increased harmonics or order.

Conversion Gain (dB)

ADS 15 mi
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c
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Figure. 6 Mixer Simulation
(a) Down conversion gain vs. LO powers
(b) 1 dB gain compression at -16.22 dBm RF power

Gain compression characterization determines the signal
amplitude a mixer can handle before significant distortion
occurs.

By sweeping input signal power levels, the conversion
gain is reduced by 1 dB from its small-signal value, at an
RF input power level of -16 dBm, noticeable gain
compression of 1 dB occurs.
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Figure 7. Linearity and noise performance
(a) Intercepts IIP3 and OIP3 graph (b) SSB noise figure with LO
power

Near -7 dBm, the extrapolated 3rd order intermodulation
and IF output curves converge, indicating the IP3 point, as
Balance controller

determined by the Harmonic

component using the setup shown in Figure 7.
5.3. Formulation of Figure of Merit of the Mixer

The double balanced down-conversion mixer's
performance is evaluated using a benchmark figure of
merit [17], incorporating key metrics: input RF frequency,
conversion gain, single sideband noise figure [4], input LO

power, DC power, and input intercept point.

10('5'5_ENFSSB‘HIPS_N_PLOHEU}'RFl.fl KHz
Pg /1 mW

FoM = 10log [ ] @)
5.4. Mixer Validation using Multi-frequency Band
Approach

The double balanced down-conversion Gilbert cell mixer
design is simulated across various frequency bands in a
130 nm CMOS process node, using the design parameters
described in Table 2. Results show a conversion gain just
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over 10 dB and a single sideband noise figure
below 10 dB, meeting specifications. However, linearity
performance is inadequate, with input intercept points
below 0 dBm and 1-dB compression points exceeding -15
dBm [17]. The design is also simulated in 180 nm
technology node for result reliability.

Table 5. Simulation results of the down conversion mixer, 130
nm process node

Performance Metric fre=2400 frr = 5825

MHz MHz
Conversion Gain, CG (dB) 10.89 10.01
1-dB gain compression -15.99 -16.22
SSB noise figure, NFsss (dB) 9.27 9.38
3t order input intercept, -6.71 -7.1
Figure of Merit, FoM (dB) 52.66 51.72

Table 5 illustrates that as frequency increases, maintaining
similar performance metrics deteriorates the final figure of
merit (FoM) for the mixer, even for the same 130 nm
CMOS processing node.

5.5. Validation of Mixer at different processing nodes
Mixer design is carried out in 180 nm and 130 nm process
nodes at 1.8 V and 1.3 V supply voltages respectively, and

used multi frequency band approach also [7].

Table 6. Performance of mixer for different nodes, supply
voltages, frequencies

Process node Voo (V)  frre (MHz)  FoM (dB)
180 nm 1.8 2400 48.34
130 nm 1.3 5825 50.75

Inference can be drawn from the table that with
miniaturized nodes, lower supply voltages and at higher
input frequencies, overall FoM of the mixer got enhanced.

15

10

, J o [
_5 [ I

10

-15

CG (dB) NF_SSB (dB) 11P3 (dBm) P_1-dB C(dBm) P_dis (mw)
=180 nm 10.2 10.93 -6.05 -15.34 35

®130nm 10.01 9.38 2.82 -7.1 25

Figure 8. Visualization of mixer performance in various CMOS
process nodes
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Figure 8 shows that as technology advances and RF and
LO frequencies maintain  consistent
performance; DC power significantly decreases. This

increased to

suggests a likely improved performance and in turn the
final FoM of the designed mixer.

6. Conclusion and Future Scope

A down-conversion double balanced Gilbert cell RF mixer
is designed and simulated for metrics like conversion gain,
linearity, and noise figure across various process nodes
and RF frequencies using ADS. Advancements in
technology nodes (from 180nm to 130 nm) improve
performance metrics due to smaller feature sizes and
transistor performance. However, all metrics may not
always improve and some may get degrades at specific
frequencies. Technology advancements can enhance
conversion gain and reduce power consumption through
optimized circuit design and supply voltage scaling.
Careful consideration of design metrics is crucial for
maximizing benefits. with ongoing advancements in
technology nodes enhancing noise figure while
necessitating innovative approaches to address potential
linearity challenges, particularly at specific frequencies.
Optimized circuit design parameters, including supply
voltage scaling and careful consideration of transistor
dimension, is crucial for maximizing conversion gain and
minimizing power consumption. Additionally, future
developments may focus on further miniaturization,
integration, and support for multi-band and wideband
operation to meet the demands of modern communication

systems.
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