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ABSTRACT

The demand for efficient and reliable wireless communication equipment is increas-
ing at a rapid pace. The demand and need vary between different technologies including
5G and IoT. The Radio Frequency Integrated Circuits (RFIC) designers face challenges to
achieve higher performance with lower power resources. Although advances in Comple-
mentary Metal-Oxide-Semiconductor (CMOS) technology has help designers, challenges
still exist. Thus, novel and new ideas are welcome in RFIC design. In this dissertation,
many ideas are introduced to improve efficiency and linearity for wireless receivers dedi-
cated to 1oT applications.

A low-power wireless RF receiver for wireless sensor networks (WSN) is introduced.
The receiver has improved linearity with incorporated current-mode circuits and high-
selectivity filtering. The receiver operates at a 900 MHz industrial, scientific and medical
(ISM) band and is implemented in 130 nm CMOS technology. The receiver has a fre-
quency multiplication mixer, which uses a 300 MHz clock from a local oscillator (LO).
The local oscillator is implemented using vertical delay cells to reduce power consump-
tion. The receiver conversion gain is 40 dB and the receiver noise figure (NF) is 14 dB.
The receiver IIP3 is —6 dBm and the total power consumption is 1.16 mW.

A wireless RF receiver system suitable for Internet-of-Things (IoT) applications is
presented. The system can simultaneously harvest energy from out-of-band (OB) blockers
with normal receiver operation; thus, the battery life for IoT applications can be extended.
The system has only a single antenna for simultaneous RF energy harvesting and wireless
reception. The receiver is a mixer-first quadrature receiver designed to tolerate large
unavoidable blockers. The system is implemented in 180 nm CMOS technology and

operates at 900 MHz industrial, scientific and medical (ISM) band. The receiver gain is

i



41.5 dB. Operating from a 1 V supply, the receiver core consumes 430 pW. This power
can be reduced to 220 4W in the presence of a large blocker (= 0 dBm) by the power
provided by the blocker RF energy harvesting where the power conversion efficiency
(PCE) is 30%.

Finally, a highly linear energy efficient wireless receiver is introduced. The receiver
architecture is a mixer-first receiver with a Voltage Controlled Oscillator (VCO) based
amplifier incorporated as baseband amplifier. The receiver benefits from the high linearity
of this amplifier. Moreover, novel clock recycling techniques are applied to make use of
the amplifier’s VCOs to clock the mixer circuit and to improve power consumption. The
system is implemented in 130 nm CMOS technology and operates at 900 MHz ISM band.
The receiver conversion gain is 42 dB and the power consumption is 2.9 mW. The out-of-
band IIP3 is 6 dBm.

All presented systems and circuits in this dissertation are validated and published in

various IEEE journals and conferences.
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NOMENCLATURE

2G Second-generation cellular technology
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NF Noise Figure
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PCB Printed Circuit Board
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I1P3 Input Third-Order Intercept Point
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RF
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GSM
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DR
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Output Third-Order Intercept Point
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1. INTRODUCTION

The world is witnessing a radio revolution. From the initial impetus for improved
mobile communication and a high data demand, a trend has emerged toward the continual
development of many radio frequency (RF) technologies starting with 2G to the current
much-improved 5G network technology. Between these two technologies, the access data
rate has increased drastically. On the other hand, for local area communication, WiFi and
Bluetooth technologies’ generational development have been accompanied by improved
data rates, latency, and more efficient power consumption.

The recent other trend is to make any thing we have and use in our life smart. Making
it smart requires information analysis and sharing. The former can be achieved with a
processor, while the latter can be achieved with radio communication. The technology
that adopts the communication between all the smart objects we have in the world is
called the Internet of Things (IoT) or Internet of Everything (IoE). The fact that an 1oT
unit needs processing and communication adds stress on the power budget for the whole
system because they are considered the most power hungry functions. 10T nodes are
typically equipped with a battery so it can provide the needed power for the systems;
however, some of these nodes are placed in remote places that make it hard to replace
the battery or to provide the power needed all the time. This has urged researchers to
explore ideas and techniques to make use of all the energy sources available. Developers
have integrated an Energy Harvesting (EH) system with the IoT node. The role of the
EH system is to provide energy to the IoT node to extend its battery life of to make it
self-sustainable. The EH system is designed to harvest energy from different sources; e.g.
Radio Frequency (RF), solar and thermal.

The typical trade-off exists when there is a need for more processing power and more



battery life. Complementary Metal-Oxide—Semiconductor (CMOS) technology scaling
helps to reduce the power consumption; nevertheless, the need for more processing power
drains the battery. The other drawback is the Lithium—ion (Li—ion) battery technology.
This common battery technology used for electronic devices does not scale at the same
rate as CMOS scaling, resulting in a reduction in the area consumed by the system chips
and an increase in the area consumed by the battery.

From the previous discussion, we can summarize that there are two recent trend in de-
veloping radio systems: 1) targeting high data rate (like in 5G and WiFi) and ii) achieving

ultra-low power consumption (like in IoT).
1.1 IoT and Spectrum Congestion

As previously mentioned, IoT is a network that can provide communication between
any smart thing. The IoT is initially started with sensors and Radio Frequency Identi-
fication (RFID) tags; then, it widened to include more objects and things [1]. Fig. 1.1
shows a diagram for the IoT network. It connects all aspects of transportation, smart
home devices, factories, power transmission lines and healthcare systems. On the other
hand, having network that shares all these information poses threats for cyber security
especially for sensitive information such that found in healthcare or for logistic control
for the power grid. Cyber security is especially dependent on software and hardware level
innovation.

One of the recent issues for radio communication is spectrum congestion. Whether
it is high-performance mobile communication or energy efficient IoT radio, spectrum
congestion become an issue for both licensed and unlicensed band. However, licensed
spectrum is more organized. To overcome spectrum congestion problem and to improve
the data rates, standards have explored new bands for licensed and unlicensed bands. For

example, a 5 GHz band is allocated for WiFi and 60 GHz band represents a future plan,
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Figure 1.1: IoT network.

while 28 GHz is allocated for 5G cellular technology.

The reason for spectrum congestion is the increased number of standards and number
of connected devices. For example, Fig. 1.2 shows the growth of the number of connected
devices to IoT network [2] which is expected to be 20 billions by 2020. When the number
of connected devices increases, the number of blockers also increases. That means the
linearity requirement for the wireless systems become more stringent, which adds power

budget stress on any system with limited energy resources.
1.2 Radio for IoT

To get insights about the radio for IoT, we need to consider the whole 10T node. Fig.
1.3 shows the IoT node block diagram [3]. The IoT radio consists of a transmitter and
receiver with a T/R switch. The node also includes a microprocessor or data conversion
unit for sensing. It has a clock generation unit that can be used for different blocks and

memory for data storage. The unit includes energy harvesting and a power management
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Figure 1.2: Growth in number of connected devices to the 10T network.

unit. The role of this unit is to harvest energy from different sources, to regulate the
voltage, and to supply the power need for the unit. The ultimate goal for designing the
unit is to make it self-sustainable. Radio for IoT must be designed with the consideration

of energy limitation in the unit and IoT requirements.
1.3 Goals and Organization of the Dissertation

The goal for this dissertation is to present novel ideas for [oT radios with validation by
chip testing. The dissertation contains four sections in addition to the introduction. The
sections are organized as follows. Section 2 presents a highly linear low power wireless
receiver for WSN. Current re-use of a transconductance low noise amplifier (LNA) is
presented to reduce the power consumption along with a frequency multiplication mixer.
The receiver baseband filter features a notch in the stop band to improve selectivity and
linearity. In Section 3, an ultra-low power RF wireless receiver with RF blocker energy

recycling is introduced. The system consists of a low power receiver and an RF energy
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harvesting unit. The system makes use of out-of-band blockers and recycle its energy
to supply partial power need for the wireless receiver. In certain case, the core power
consumption of the wireless receiver can be reduced by 49%. Section 4 presents a highly
linear energy efficient wireless receiver using VCO-based OTA and clock recycling. The
system employs mixer-first architecture with VCO-based OTA in the baseband due to its
high linearity. The system also recycles the clock from the OTA’s VCO to save power

consumption. Finally, Section 5 summarizes conclusions about the research presented in
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Figure 1.3: IoT node block diagram

this dissertation on radio for IoT as well as plans for future work.



2. HIGHLY LINEAR LOW POWER WIRELESS RF RECEIVER FOR WSN!

2.1 Introduction

Wireless circuits operating in the ISM band are under focus nowadays. This focus
arises from an increased interest in the wireless sensor network (WSN) and short range
wireless devices as the Internet of Things (IoT) continues to evolve at a rapid pace. How-
ever, the growth in the wireless communication sector and an increasing number of wire-
lessly connected devices causes spectrum congestion. This congestion is manipulated by
moving wireless communication to other frequency bands, nonetheless, the congestion
problem still exists. A review of IoT and WSN specifications shows that devices can
tolerate a large noise figure (NF) [4]; however, device power consumption should be min-
imized to extend the battery life. This makes low power consumption a vital design target.
In addition, the wireless system should have adequate linearity to overcome the increased
number of blockers as the number of the connected devices is increased. Moreover, de-
signing the wireless system to operate on a wide range of frequencies would make it more
cost effective.

On the other hand, the WSN or IoT transceiver is typically accompanied with an en-
ergy harvesting unit [5, 6] from multiple sources. The dependence on energy supplied
from the energy harvesting sources varies between partial dependence and full depen-
dence with storage capability techniques to maximize the use of energy over time. In case
of a self-sustainable WSN node, it would help to be able to use the wireless transceiver
with programmability in power consumption based on the energy availability. However,

the transceiver performance needs to be assessed carefully to count for system limitations.

!©2019 IEEE. Part of this section is reprinted with permission from “Highly Linear Low Power Wireless
RF Receiver for WSN,” by O. Elsayed, J. Zarate-Roldan, A. Abuellil, F. Hussien, A. Eladawy, and E.
Sanchez-Sinencio, 2019. IEEE Trans. Very Large Scale Integ. Syst.



Examining prior art, [4, 7] introduce low power receivers with lower NF; however,
the former achieves high linearity with low gain while the latter achieves low linearity
with high gain. [8] presents a short range low power wireless receiver with a Gilbert
active mixer-first architecture; however, the receiver suffers from high NF, which limits
the receiver sensitivity and has poor linearity. [9] presents an ISM band receiver; however,
it suffers from high power consumption. [10, 11, 12, 13, 14, 15, 16] have introduced low
power wireless receivers with different techniques to reduce the NF.

In this section [17], we introduce a low power highly linear wireless receiver for
WSN. The receiver employs current-mode circuits starting with a current-reuse low-noise
transconductance amplifier (LNTA). The receiver has a current-mode filter with high se-
lectivity to improve the receiver linearity. The receiver has a frequency multiplication
mixer to be clocked from a lower frequency local oscillator operating at 300 MHz to
reduce the power consumption. The receiver operates at 900 MHz ISM band and is im-
plemented in 130 nm CMOS technology. The receiver total power consumption is 1.16
mW. The receiver is designed with aim of improving linearity while minimizing the NF
and power consumption. The linearity is improved as the receiver adopts current-mode
architecture for the LNTA and the baseband filter. The linearity is furtherly improved by
using notch at the stop band of the baseband filter. The power consumption is reduced
in every receiver block. For the LNTA, transistors stacking and current re-use is applied
while for the mixer, frequency multiplication mixer is used.

The section is organized as follows: Subsection 2.2 has the proposed RF system ar-
chitecture. Subsection 2.3 presents the receiver building blocks and brief analysis. Sub-
section 2.5 presents the experimental results while Subsection 2.6 summarizes the main

points in a conclusion.



2.2 Proposed RF Wireless System

Wireless receiver architectures have been developed based on specifications and re-
quirements. Early RF receiver architectures usually consist of separate blocks (low-noise
amplifier (LNA), mixer and filter) with voltage signal processing and either single or dual
down conversion [18]. Later, more advanced receiver architectures were introduced with
higher efficiency by integrating different functions in the same block with a mixture of
voltage and current modes; e.g. the Blixer (a wideband balun-LNA-I/Q mixer) [19]. Re-
cently, a mixer-first receiver architecture was introduced as a solution to tolerate large
blockers [20]; nevertheless, it suffered from high NF, which led to the introduction of a

noise-canceling mixer-first architecture [21].

Local . Filter )
Oscillator Mixer

EHRO®

LNA

5 ) @

[ Y TIA

Integrated Chip &._/

Vout -

Figure 2.1: Proposed RF wireless receiver.

Fig. 2.1 shows the building blocks for the proposed receiver. The receiver operates at
900 MHz ISM band. Right after the antenna, a balun is there to convert the single-ended
signal to a differential signal. The balun is followed by an LNA, which is a transcon-
ductance that transforms the RF voltage signal to an RF current signal. A passive mixer

downconvertes the RF current signal at 900 MHz to the baseband using a six-phase low-



power ring oscillator running at 300 MHz [22]. The local oscillator is implemented using
ring oscillator operating at 300 MHz to reduce the power consumption. After the mixer,
the downconverted ac signal goes to a current-mode low pass filter. The filter is a second
order low pass filter (LPF) with two zeros in the stop band to sharpen the roll-off. The
ac baseband signal goes from the mixer output to the filter input. Finally, there is a tran-
simpedance amplifier (TTA) to transfer the current signal to a voltage signal and to provide
the required amplification. In each block, multiple techniques are utilized to reduce the
power consumption and improve the performance while the receiver current-mode archi-
tecture improves the linearity. These techniques will be discussed in detail in Subsection
2.3. Compared to mixer-first architecture, which its mixer typically operates in voltage
mode, the implemented receiver architecture operates the mixer in current mode as the
output impedance of the LNTA is high while the baseband input impedance is low. Cur-
rent mode circuit nodes are low impedance, which make the voltage swing minimal. As

a result, linearity is improved.
2.3 Receiver Building Blocks
2.3.1 Transconductance LNA

The transconductance LNA has two roles: First, it has to convert the input voltage
signal to an output current signal while introducing minimum noise. Second, it should
provide input matching. As a survey for the prior art, Fig. 2.2 compares the transcon-
ductance LNA topologies [23, 24]. Common source LNA is shown in Fig. 2.2a. It
provides reasonable transconductance while it doesn’t provide input matching. Com-
mon source LNA with inductive degeneration is shown in Fig. 2.2b. Its G, doesn’t
depend on transistor transconductance while it provides narrow band matching. Fig. 2.2¢c
shows the single ended common gate LNA. It provides wide band matching; however,

the transistor g,, should be large enough to provide the matching. Fig. 2.2d shows the



Common Common Source with Common Cross-coupled Differential
Source inductive degeneration Gate Common Gate

Iml l.mi l b T

— L = + Vin -
Rin:oo Rin: gmll-s/cgs Rin:-l/gml Rin:-l/gml
Gm:gml Gm:1/ Zwol-s Gm:gml Gm:gml
No matching  Narrow band Wide band Wide band
matching matching matching
(a) (b) (©) (d)

Figure 2.2: Transconductance LNA topologies. (a) common source, (b) common source
with inductive degeneration, (c) single ended common gate, (d) cross-coupled differential
common gate.

cross-coupled differential common gate LNA [25]. It provides wide band matching and
the cross-coupling boosts the transistors g,,. The drawback of a common gate LNA is
that it requires a large current to provide input matching. As a solution, Fig. 2.3 shows
the basic concept of the proposed transconductance LNA. Unlike [25], complementary
CMOS transistors (M5 and M) are used to provide input matching. Both transistors have
the input voltage (negative input voltage) applied at the gate (source) of the transistor to
boost the transconductance by a factor of two. Additionally, M; and M, are added to

increase the total transconductance. Current 7; is given by:

Z.1 = Gm1Vin + 2 X Im2Vin, (21)

while 5 is given by:

19 = GmaVin + 2 X Gm3Vin. (2.2)
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The output currents can be summed together and the total output current will be:

lout = 1 + 12 = (gml + 29m2 + 29m3 + gm4)vin' (2.3)

Assuming ¢p,1 = gm3 = Gmn a0d G2 = Gma = gmp, the total transconductance is given

by:
7:O’lL
Gm = v ‘= 3(gmn + gmp) . (2.4)
The input current is given by:
lin = 2(gmn + gmp)vim (25)

and the input impedance becomes:

Vin 1

Lip=—= —F7——. (2.6)
To provide matching, the following condition should be satisfied:
1
Rs = Ziy = 2.7

2(Gon + Gmp)

where Rg is the source impedance (antenna impedance). By stacking four transistors,
matching can be achieved with lower power consumption and total transconductance can
be increased by added transistors.

Fig. 2.4 shows the differential and full implementation of the proposed transcon-
ductance LNA. Capacitors are used for ac coupling at input and to combine the output
currents at output. As shown in Fig. 2.1, the LNTA is then followed by passive mixer.

Equations (2.22)-(2.7) can be used to model the proposed LNTA in Fig. 2.4 ideally. Nev-
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Figure 2.3: Proposed transconductance LNA concept.

ertheless, the nonidealities in the implementation seems to demand that we provide an

expression for the input impedance with nonidealities. The input impedance is given as:

1+ (B2 + B4)/sCe | 1

Zin non—ideal — 2 X 5 (28)
' deal 61 + 62 + 53 + 64 Scpar

where C¢ is the ac coupling capacitor, C),, is the total parasitic capacitor seen at the

LNTA input from all transistors gate capacitance, [3; is given by:

b=

Tds2 Tds2
s + 1) g, (29
2Zmzx || Tds1 + rdsQQ 2 <22’rmx || Tds1 + T'ds2 )g ! ( )

where 7451 and 744 are the drain to source impedance for transistors M; and M, respec-

tively. Zi,, mizer 18 the impedance seen at the mixer input. (3, is given by:

By = Lds2 (gm +1 /nm). (2.10)

2Zmzx H Tds1 + T'ds2

12
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G

Figure 2.4: Fully differential implementation of the proposed transconductance LNA.

B3 is given by:

By =

Tds3 g + ( Tds3
m3
2Zmzx H Tdsa + Tds3 2Zmzx “ T'dsa + T'ds3

- 1)9m4, (2.11)

where 7453 and r4s are the drain to the source impedance for transistors M3 and My,

respectively. 3, is given by:

By = Ldsd (gmg + 1/%3). (2.12)

Qmec || Tds4 + T'ds3

From (2.8), we can see that the transconductance used for matching (g,,2 and g,,3) is

slightly reduced by g,,; and g,,4 with a factor due to nonidealities. That would result in
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an increase in Zy non—ideal and higher power consumption is needed for better matching.

For the transconductance LNA, S, is given by:

Zin non—ideal — RS
St = : . 2.13
H Zin,non—ideal + RS ( )

To verify (2.8) and (2.13), analytical |S1;| is compared with simulated one in Fig. 2.5.

The figure shows a good agreement between simulation and analysis.

0 T
== Analytical
=8-Simulated
5k .
)
=
— -10F
—
—
28
_15 5
-20
0 4

2
Frequency (GHz)

Figure 2.5: Simulated and analytical |.S;;| for transconductance LNA.

For the noise calculation, the total output noise from the circuit is given by:

2 _ 2 2 2 2 _
Unout = Upv1 T Zn,M2/4 + Zn,M?,/4 t s =

where k is Boltzmann constant, 7" is the temperature in Kelvin degrees and v is the excess

noise factor. The noise from M; and M, appear directly at the output while part of noise
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current from M5 and M3 go to the output. The output noise from Rg is given by:
2 pe =2 X kTRs X (g1 + 20m2 + 20m3 + Gina) - (2.15)

The NF is given by:

NF:1+—79 1+ gm2/4+ gma/4 + Gma (2.16)

RS (gml + 29m2 + 29m3 + gm4)2 ‘

If g1 = gm2 = 9m3 = Yma = gm and using matching condition Rg = 1/4¢,,, NF will
be simplified to NF ~ 1 + %7. From (2.16), NF = 4.8 dB while NF = 4 dB from
simulation. NF from the LNTA will affect the total receiver NF along the NF from mixer,
baseband filter and TIA.

In this design, we have stacked four transistors to share the bias current and save the
power consumption from nominal supply voltage (1.5 V). The transistors are biased in
sub-threshold, as a consequence, the linearity is affected. A tradeoff between power and
linearity takes place. The dc current in the stack is controlled by a current mirror circuit

connected to M;. In dc, M5 and M, are diode connected transistors with large resistance.

M3 is biased via large resistance.
2.3.2 Mixer and LO Generation

Fig. 2.6 shows the block diagram for the clock generation. It employs the ring os-
cillator proposed in [22]. The ring oscillator is based on vertical delay cells to recycle
the charge and reduce the power consumption. The oscillator consists of three differen-
tial stages. The oscillator operates at 300 MHz to reduce the power consumption and
produces six phases shifted 77, /6 apart. In order to downconvert the signal at 900 MHz
with 300 MHz, two steps should be implemented: 1) oscillator phases should be combined

to generate 3 times higher clock phases and ii) the mixer should switch every T7,0/3. The
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later can be implemented by having three mixers in parallel with one mixer active every
Tro/3. The former can be implemented by AND process between the six clock phases.
The full schematic of the mixer is shown in Fig. 2.7. It consists of three double balanced
mixers in parallel. Each mixer is active every 17 so the RF input signal sees one active
mixer every T7,0/3. The mixer uses the six clock phases from the oscillator ¢; : ¢¢. Each
mixer, enlarged at top of Fig. 2.7, has four clock inputs. The mixer has two transistors
in series to perform the AND process between the oscillator phases without consuming

power. The mixer can be clocked from an external clock as well.

, A 4 )
Level Shifters :.'5'2;
+ —L¢;
—Ho:
. Buffers |—Oid;
L Local Oscillator ) L y

Figure 2.6: Block diagram for clock generation.

Analysis for the current-driven passive mixer is presented in [26, 27, 28, 29]. The
current gain for the fundamental frequency for a mixer with a 50% duty cycle clock is
Aj mizer = 2/m. The mixer input impedance including the frequency translated impedance

is given by:
- 4
Zin,mixer (w> — 4RSW + P [Zm,F(W - wLO) + Zm,F(W + WLO)] 3 (217)

where Rgyy is the switch resistance of transistor M5 and Z;,, p(w) is the baseband input

impedance of the filter.
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Figure 2.7: Proposed mixer schematic.
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2.3.3 Baseband Filtering

The filter has important role in the receiver design to provide the selectivity for the
signal of interest and to limit the noise. There is always a trade-off in the design of
the filter. Power, linearity, noise and selectivity are the key parameters in designing the
baseband filter. In this receiver, the used filter is a second order low pass current-mode
filter. To sharpen the filter selectivity, shunt series resonance is added at the input of the
filter to provide notch in the stopband. The model of the filter is shown in Fig. 2.8. The
second order LPF is implemented with L, R and C5 while the notch is implemented with
Ly and (4. For implementation, Fig. 2.9 shows the implementation of the filter. Active

inductor [30] is used to emulate inductance. The inductor for the shunt series resonance is
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enlarged in the right side of the figure. Mj transistors and Cj are used to emulate inductor
L, while M, provides negative resistance to cancel the inductor resistance. Inductor 1,
and L, are given by L1 = 4C5/ gfns and Ly = 4C5/ gfnG, respectively. In simulation,
lowest Q for L, in bandwidth of 30% of notch frequency is 27. The power consumption
for L, is 185 uW. Adding L, doesn’t degrade receiver in-band noise performance as the
noise products from L, active transistors appear at baseband output only at the vicinity of

notch frequency. The total transfer function for the filter is given by:

Lout o

AI,filter = i =

n

(92,6/4C2C5) (205 /g5 + 1/Cy) —. (218

Cs .3 1 1 Cs59me 2 gmé m6
25 + (202 T & T ez 8)5 t 26655 T 16,0505

2C5 .4 gmé
=28t 4 2 X
Ims 02

It is calculated under the condition that g,,7 = ¢,,s. The single side filter input impedance

is given by:

8/202

Zin =
) = T g 2Ch)s + e JACHCH)

| (2C5/ g2 +1/sCy). (2.19)

The power per pole is 60 ©W. Active inductor is sensitive to PVT and bias variations
especially when the active inductor is used to implement a notch in the stop band. In
order to study the impact of those variations, Fig. 2.10 shows the Monte Carlo simulation
for the notch rejection. In the simulation, process and mismatch variations are applied
with 100 samples. While the rejection varies with process and mismatch, the rejection is
still good for most of the samples. Fig. 2.11 the Monte Carlo simulation for frequency of
the notch. The plot shows that the notch frequency doesn’t have large variation (standard

deviation=155 kHz) with the process and mismatch variations.
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Figure 2.8: Filter model.

Figure 2.9: Filter schematic.
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Figure 2.10: Monte Carlo simulation for notch rejection.
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Figure 2.11: Monte Carlo simulation for notch frequency.

2.3.4 Transimpedance Amplifier

The transimpedance amplifier (TIA) role is to convert the current signal to voltage

signal. The schematic of the TIA is shown in Fig. 2.12. It consists of a complementary
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CMOS to reduce the power consumption. Capacitor (Cg) is added to improve the filtering.

The transimpedance transfer function is given by:

ou m 'm R, -1
Ay = St Lm0 T 9mo)F— L (2.20)
bin Im9 + Gmio + 2Css

The transfer function has pole at (g,,9 + gm10)/2Cs.

Figure 2.12: TIA schematic.

2.3.5 Receiver Conversion Gain and Linearity

The total receiver voltage gain is given by:

Zo, LNTA

ARCE = Gm,LNTA X X AI,mixerX

Zo,LNTA + Zin,mixer
Zo,filter

A7 fitter X X Arrra (2.21)

Zo,filter + Zin,TIA

21



where G, n74 1s the LNTA transconductance, Z, ;x4 is the output impedance of the
LNTA, Z, fiiter is the output impedance of the filter and Z;,, 774 is the input impedance
of the TIA. To verify (2.21) along with (2.18), Fig. 2.13 shows a comparison between the
simulated and analytical receiver conversion gain. The figure shows a good agreement
between the simulation and calculation. The notch in the filter transfer function helps to
sharpen the selectivity and improves in-band linearity. For the out-of-band linearity, the
LNTA and mixer dominate the nonlinearity since the large capacitor at the input of the
filter absorbs the large blocker at out-of-band frequencies.

Fig. 2.14 shows the third harmonic distortion (HD3) at each output of the blocks and
at the receiver output. The linearity at the LNTA output doesn’t change with the fre-
quency whileit changes at other blocks’ output. At low frequency, the linearity degrades
as the signal travels through the receiver blocks. From (2.19), we can see that the input
impedance of the filter has its maximum value at the cut-off frequency. That would de-
grade the linearity at the cut-off frequency of the filter. At high frequency, the HD3 is

improved for baseband blocks.

= Analytical
40 =8-Simulated|

Receiver Gain (dB)
o

10k 100k M 10M 100M
Baseband Frequency (Hz)

Figure 2.13: Simulated and analytical receiver gain.
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Figure 2.14: Simulated HD3 for receiver blocks.
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Figure 2.15: Simulated IM3 for the receiver.

Fig. 2.15 shows the simulated third intermod (IM3) for the receiver versus the third
intermod frequency (f7as3). It is simulated by applying two tones at the receiver input

with frequencies fro + Y2fac + Y2 fims and fro + fac where f4c is the frequency of

the adjacent channel and equals f4c = 4 MHz. Fig. 2.15 shows a comparison for the IM3
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with and without the existence of the notch at the stop band. The figure shows that the
filter with the notch has better linearity especially at low frequency. The linearity starts
to degrade as we approach the cut-off frequency of the filter. The receiver with the notch
circuit has worst linearity at 4 MHz. The reason for that is at this frequency, the two tones
lies in the notch band where the active circuitry of the notch introduce its nonlinearity.

However, the frequency of the intermod lies outside our band of interest.
2.4 Design Procedure

To start designing the whole system, we need to design each block and see how they
interact with each other. Starting with the LNTA, to achieve the matching, we can use
(2.7) to determine the value of ¢,,» and g¢,,3 based on the available source resistance Rg
that is typically 50 €2. Then, we can use (2.3) to get the value of g,,; and g,,4. However,
we need to define or assume the value of GG, n74. In order to obtain that, we need to use
(2.21) and define the LNTA contribution to the total receiver gain along with Ap 74 as
Al mizer = 2/m and A giger = 1. On the other hand, the value of g¢,,; and g,,,4 cannot be
too large as it will reduce the LNTA output resistance and its ability to drive the following
stage. After calculating the g,, values, the dc current can be defined and the transistor
sizing can be calculated.

For the mixer, the design parameter would be the switch sizing. The sizing of the
switch affects the power consumption of the clock buffer and the driving ability of the
LNTA to the baseband filter. The larger (smaller) the switch size, the higher (lower) power
consumption at the clock buffer, while the driving capability of the LNTA to the baseband
filter will be higher (lower). There is a trade-off here. Generally, Zo 1n74 > Zin mizer
must be satisfied to achieve good driving ability for the LNTA.

For the filter, we should consider many parameters. First, the maximum input impeda-
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nce of the filter happens at the cut-off frequency. The single side input impedance is

1
Zinr(wo) = — (2.22)
gmG

at the cut-off frequency. On the other hand, filter input impedance needs to be low so
the LNTA can drive the mixer and filter with low loss. However, making the filter input
impedance small means consuming larger current in the filter. There is a tradeoff here.
After selecting g, based on maximum tolerable input impedance and power consump-
tion, the filter capacitor can be calculated based on (2.18) after selecting the required
cut-off frequency. The notch circuit can be designed based on the required notch location
in the stop band.

For the TIA, R is selected based on the required TIA gain. g,,9 and g,,10 should be

maximized, however, power consumption will be the limit.
2.5 Experimental Results

A test chip for the wireless receiver is fabricated in 130 nm CMOS technology. The
receiver operates at the 900 MHz ISM band. Fig. 2.16 shows the measured and simulated
|S11| for the receiver. It shows the matching for 200 MHz. The matching bandwidth
is limited due to the bond wires and PCB traces. Fig. 2.17 shows the measured and
simulated receiver conversion gain. The gain is 40 dB and the 3—dB bandwidth is 1.6
MHz. In measurement, external clock is used to locate the notch in the stop band. Fig.
2.18 shows the receiver measured and simulated NF. The NF is 14 dB and the flicker noise
corner frequency is 160 kHz. Fig. 2.19 shows the measured receiver in-band IIP3. The
IIP3 is —6 dBm as the linearity is improved from sharp selectivity. The linearity achieved
in the receiver is better than the WSN receiver can tolerate [31], however, the concept

can be used in different applications and standards. To elaborate more on the receiver
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performance versus the power consumption, Fig. 2.20 shows the measured receiver in-
band OIP3 and NF versus receiver power consumption. In this measurement, the power is
reduced from LNTA, filter and TIA while the other circuitry power consumption remains
the same. As the power consumption increases, the linearity and NF improve. To verify
the operation of the wireless receiver, the receiver is tested with Silicon Labs transceiver
module (Si4463). The module is used as transmitter with FSK modulation and transmits
PRBSO9 signal. The testing setup is shown in Fig. 2.21. Fig. 2.22 shows photograph for
measurement setup. Fig. 2.23 shows the received data at baseband of the receiver in the

upper trace while the lower trace shows the de-modula