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Abstract

Advancement of technology with the aid of new application, wireless commu-
nication has grown rapidly in the past two decades. Recently, in the wireless
communication industry, Narrowband- Internet of Things (NB-IoT) is being dis-
cussed by everyone, as the most important emerging technology of the day. Being
a wireless technology, owing to the exodus of devices to be connected, with due
consideration to the data transfer requirements, and spectrum allowances, the 3™
Generation Partnership Project (3GPP) have standardized the technology with a
list of specifications. In this thesis, a comprehensive study is conducted to find
the most promising receiver front end architectures for an NB-IoT User Equip-
ment (UE) which is highly integrable, has the least DC power consumption at its
best performance and has the least price per unit.

For NB-IoT, the 3GPP standard mandates the requirement of a receiver front
end to be capable of tuning to signals within the frequency range 450MHz to
2200MHz, thus necessitating it to wide-band reception with better selectivity. By
emphasizing upon the reduction of price per device demands, comparing the
characteristic trade-offs of the various architectures, analysis of the typical re-
ceiver’s non-ideal factors and considering the specifications and requirements,
an inductor-less, external Surface Acoustic Wave (SAW) filter-less Direct Conver-
sion Receiver (DCR) has been chosen as the potential candidate.

The study reveals that the Frequency Translational Noise Canceling (FTNC) re-
ceiver front end and gain switching receiver front end stand as the most promis-
ing receiver topologies. The former, with its two modes of operation, saves DC
power, displays a decent linearity performance and a relaxed trade-off between
noise figure and linearity; while the latter has the advantage of variable gain
control at RF which supports lower DC power consumption in the presence of
large wanted signal without compromising largely on noise figure. The simu-
lated DC power consumption for each of the architectures have a maximum of
40mW at their best performance with DSB noise figure ~ 2dB, impedance match-
ing <-15dB, <-70dBm spurious emission from LO divider circuits, and 3™ order
harmonic rejection >40dB. The study is conducted in 40nm CMOS technology.
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Popular Science Summary

Internet of Things (IoT) is a network constituted by uniquely identifiable mate-
rial objects or devices equipped with some kind of physical sensing system. IoT
standard enables the objects, otherwise called things, for sensing, which subse-
quently inter-operate and communicate with other objects for data and informa-
tion exchange through an existing physical network infrastructure. Therefore,
IoT promotes a seamless connection between the smart devices, which scatter
everywhere around us, and the physical world to ensure full automation that
eventually improves human lifestyle. Some examples of loT-enabled material
devices include heart monitoring implants, automobiles with embedded sensors,
firefighter devices, smart thermostat systems, and Wireless Fidelity (Wi-Fi) en-
abled washer/dryers, to name a few. As the platform of IoT is expanding, the
number of IoT-enabled applications is also rapidly growing, which also results
in large scale growth of smart devices. This swift increase in the number of sens-
ing things generates diverse data and storage at much faster rate becomes essen-
tial [1].

The ambitious nature of such a technology demands a robust system to transfer
the acquired data wirelessly to the backbone network. The problem has been
addressed with the Narrow-band Internet of Things (NB-IoT) standard in the
3" Generation Partnership Project (3GPP) Long Term Evolution (LTE) Release
13 which standardizes the technology for providing wide area connectivity for
massive Machine-type communications (MTC) for IoT. NB-IoT is a cellular radio
access technology that provides Low-power wide-area (LPWA) IoT connectivity
in licensed spectrum, unlike short-range technologies in unlicensed spectrum, in-
cluding Bluetooth, ZigBee, and so on, and unlike LPWA technologies including
Sig-Fox, Long Range Wide Area Network (LoRaWAN), and so on. The 3GPP de-
sign targets for Release 13 were those typical for MTC: long device battery life,
low device complexity to ensure low cost, support for massive numbers of de-
vices, and coverage enhancements to be able to reach devices in basements and
other challenging locations [2].

NB-IoT significantly improves the power/energy requirements of user devices,
system capacity and spectrum efficiency, especially in deep coverage. The need



for reducing the cost for these remotely stationed peer devices also demands a
reduction in their operation cost. This is possible if the overall power consump-
tion of the devices could be limited to a minimum operating value, maximizing
the overall time of its operation with a one charge battery pack. This reflects
a low power operation with a substantial need to reduce the power of the ra-
dio module of these devices. All this should be done without compromising on
the performance of the circuits, while following the 3GPP defined specifications.
Consequently, the development of highly linear, wide-band, low power wireless
receiver is required to cater to the flexibility, cost and use case scenarios of such a
system in a real world.

vi
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Chapter 1

Introduction

Communication and exchange of information has always been an important part
of modern day human life. Wireless communication has become the modern day
normality because of its reliability and operational efficiency. This has given birth
to different forms of technology ranging from a simple wireless pager to the high
data traffic bearing mobile communications. Internet of Things (IoT) is the latest
emerging concept in this domain where an ambitious amount of physical day to
day articles are provided with sensors and small processors, and a wireless in-
terface to talk to others. The wireless communication techniques used in such
devices are standardized as User Equipment (UE) category NB1 in the 3'¢ Gener-
ation Partnership Project (3GPP) Long Term Evolution (LTE) release 13 with a list
of specifications in order to enhance its operating life, reduce power consumption
and thereby the cost.

IoT idea has got boosted up in the recent years. With IoT, everything in the hu-
man environment from the kitchen appliances to the industrial equipment could
be equipped with sensors and processors that can exchange data and help in the
maintenance and coordination of tasks. For this, it requires transmitters that are
powerful enough to broadcast to devices that are tens of meters away and are
energy efficient enough to last for months or even years. Similarly, the receivers
equipped in these devices should be capable to give a good performance while
maintaining low power consumption.

1.1 Motivation

Narrow-band Complementary Metal Oxide Semiconductor (CMOS) receiver front-
ends invariably make use of external RF filtering to meet the stringent blocking
conditions. But these external filters are bulky and expensive, obstructs front end
flexibility, increases the handset form factor, bill of materials and cost [11]. Since
REF filters are almost always fixed, multiple filters are required to cover the large
number of frequency bands serviced by a modern wireless device.
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Figure 1.1: A general diagram showing the NB-loT networking [3]

In the spirit of miniaturization and cost minimization, removal of external RF
filter could be considered. Additionally, integrating multi-band front ends into
single wide-band front ends which is tunable over spectrum of interest, can be
beneficial as it enables to have a lesser pin count, simple package design and
faster design times [4].

A Direct Conversion Receiver (DCR) on the other hand, have a principal advan-
tage of eliminating the Intermediate frequency (IF) filter and making the design
entirely integrable [12]. By eliminating any IF stages and directly converting
the signal to effectively a zero-IF frequency, the image problems associated with
super-heterodyne architectures could be ignored.

Thus, in this work, the focus is mainly maintained on wide-band DCRs. These
Surface Acoustic Wave (SAW)-less receivers should conform to the specification
of NB-IoT in the 3GPP LTE release 13.

1.2 Scope

The scope of this thesis is to design and simulate most preferred types of archi-
tectures which would be suitable to the problem specifications defined for the
thesis. The architectures are supposedly to focus on the important parameters of
RF receivers front ends such as high linearity over a wide bandwidth, decent gain
for sensitivity and low operating DC power.

The discussion is the comparison of the methods and techniques used to address
the problem arising from the SAW-less operation, simulation of two most promis-
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ing architectures, after comparative study of different architectures used in the
prior art. However, the layout design which certainly could throw more light
into the performance and the operating capabilities of the selected architectures
is not covered as a part of this work due to shortage in available time. A set of
much complicated architectures are also identified, but not studied in this thesis,
are categorized under the future work.

The design thus developed have been evaluated using rigorous simulations. The
thesis mainly focus on design of a filter-less low power wide-band receiver front-
end comprising of an inductor-less LNA complemented by a suitable mixer and
Base-Band (BB) amplifiers, compatible with the NB-IoT specification. Its also in-
volves enhancing its key parameters like linearity, noise performance, power ef-
ficiency for an optimum NF, conversion gain and lower inter-modulation distor-
tion. Main parameter of interest here is to manage a blocker level of -15dBm while
maintain decent sensitivity, with the minimum achievable inter-modulation dis-
tortion, especially the 3" harmonic.

1.3 Thesis Organization

In this thesis, a number of receiver (RX) architectures have been studied, com-
parisons are obtained and finally two of the most promising ones are selected to
study further with design of blocks and circuit level simulations for the RX archi-
tectures. This forms the detailed discussion in this report. Chapter 1 discusses
the problem in general and sets the theme of the thesis. The rest of the report is
organized as follows. Chapter 2 defines the design specifications and the targets
to be achieved during the project. The comparative studies which classifies the
RX architectures conducted as a part of the thesis forms the Chapter 3. The ex-
planation of each design and implementation, and simulation results of blocks in
each of the individual designs is presented and analyzed in Chapter 4. Chapter
5 gives the summary of all the results of this work. The final chapters 6 and 7
puts forward the conclusions of the thesis study and the future work that could
be done further to improve this work.
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Chapter 2

Design requirements

A multi-standard RF front-end wide-band receiver should achieve not only wide
bandwidth to support wide-band operation, but also high linearity to minimize
sensitivity degradation due to In-Band (IB) inter-modulation and cross modula-
tion distortion due to co-existence of strong interference signals. Linearity re-
quirements are more stringent in multi-standard RF front-end receivers since, OB
interference signals fall into operation RF bandwidth, requiring higher linearity
as they cannot be filtered out any longer for multi-standard applications by an
off-chip band selection filter.

Due to the lack of off-chip RF filtering, wide-band receiver front-ends have to
handle interference signals that are much larger than those in conventional narrow-
band receivers [13]. These receivers have no selectivity and amplifies both the
wanted signal and any blockers present. Given the voltage amplification required
to achieve a competitive noise figure and the low supply voltages used in modern
CMOS processes, a 0dBm blocker will cause the LNA to clip. This will increase
noise and distortion in the receiver [4].

Internal Swing =3.56Vpp

0dBm Blocker —
~0.63Vpp LPF
(@FRx+20MHz) ADC —>
Wanted signal —L
@Fpy \ 50 Q
LPF
> > ADC >

Figure 2.1: Effect of OB blocker [4]

Removal of the external SAW filter is very challenging as strong OB blockers
could cause desensitization of the receiver through two major mechanisms: gain
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compression and reciprocal mixing [14]. Besides nonlinearity,the front-end can
produce IB distortion due to Harmonic Mixing.

Following are some of the key terms related to specifications of receiver front-
ends.

DCR: A DCR directly demodulates an RF modulated carrier to BB frequencies,
where the signal can be directly detected and the conveyed information can be
recovered. The reduced component count that results by eliminating IF stages
provides an attractive solution.

It translates the band of interest directly to zero frequency and employs low-pass
filtering to suppress nearby interferers.

RF front-end Baseband
i N
Y A | Digital :
post-processing \
| SAWfiter 5

Radio receiver Analog to Digital
interface

Figure 2.2: Conventional DCR

Selectivity: Selectivity of a receiver means how well a receiver performs in the
presence of other unwanted co-channel and adjacent channel interfering signals.
It is the measure of how strong signals can be, that interfere with the received
signals.

Usually these unwanted signals could be difficult to be eliminated, as without
filters, the inter-modulation products can fall upon the wanted signal. But, if
the power levels of these signals are down with respect to the wanted signal,
the receiver will function efficiently and, if the power levels of these interfering
signals are comparable to the desired signals, the receiver starts misbehaving.

Sensitivity: Receiver sensitivity is the lowest power level at which the receiver
can detect an RF signal and demodulate data. Sensitivity is determined by the
Noise Figure (NF) of the receiver, the required signal-to-noise-ratio (SNR,;;)
needed to demodulate the information and the bandwidth (B) of the signal [10].
Greater the sensitivity, larger can be the range of distance between the transmit-
ter and receiver antennas, assuming line-of-sight conditions. Sensitivity in dBm

is given by
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Psens = —174 4+ NF + SNR iy, 4 101og;, (B) (2.1)

Desensitization: The process of reducing the sensitivity of the radio receiver is
known as desensitization. In other words, it refers to reduction in ability of re-
ceiver to accept the wanted signal in the presence of strong OB interfering signal
in comparison to when the interfering signal was absent. Usually, receiver desen-
sitization specification refers to ability of the receiver to withstand very strong OB
undesired interfering signals which are about 100MHz away from the wanted or
desired signal. When strong undesired signal is present, it will increase load on
the design and hence, there would not be enough power budget to accommo-
date the weaker desired signals. But when the undesired signal is absent, weaker
signals will receive full measure of the power budget.

LO Leakage: The key disadvantage of passive mixer-first receivers is the LO leak-
age. In the conventional receivers, LNA generally act as an isolator between RF
input to the LO whereas, with absence of gain stage at the input, LO leakage can
trigger several issues. As spurious emission levels are crucial and requirements
need to be met as prescribed by the standard and regulations, the LO leakage is
a mixer first receivers can be on the limit of what is tolerated from the spurious
emissions point of view [10]. Also, signal leakage paths can occur in the receiver.
LO energy can leak through the mixer to the antenna input and can get reflected
back into the mixer. This can cause self-mix and create DC offset signal. The offset
may be large enough to overload the BB amplifiers, cause reduction in the reso-
lution of Analog to Digital Converter (ADC) and prevent reception of the wanted
signal.

IIP2: Tt is a measure of 2" order non-linearity and helps to quantify the receiver’s
susceptibility to single and two tone interfering signals. Considering the worst
case of an Amplitude modulated (AM) input, modeling of AM signal is done by
choosing two closely spaced signals with frequency f1 and f2. These signals are
applied to the input of the receiver, due to 2"¢ order non-linearity in receivers,
corresponding distortion will be present at the output. This distortion generates
24 order inter-modulation (IM2) at frequency | f1 - 2|, which will be at a BB fre-
quency. The effects are less pronounced in LNA working at a high frequency and
the low frequency distortion can be filtered out by placing a capacitor between
the LNA and the mixer. Challenges to distinguish between the wanted informa-
tion and IM2 can we observed following LNA, since both signals are present at
the output BB frequencies, causing degradation in sensitivity and Signal-to-noise-
ratio (SNR) [10].

A measure for 2" order linearity is called an ITP2 can be calculated as

IledBm = 2Pblocker|dBm - HPZldBm (2~2)

where the power of the two blockers (Pyycker) has been assumed equal for sim-
plicity.
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Pout (@Bm) 4 S g
o Key 3™ order terms

T fi f
OIP2  [r=rrmsmmsmmemmoooeey L2

o] T e . i
Slope . 2ffy | | 260

(1dB/dB) T T

Key 2" order terms
Slope ,'I" f2-f1 and f1 +f2
(2dB/aB) '/

,

—
K ‘\ Slope (3dB/dB)

I

N
>

IIP3 1IP2 Pin (dBm)

Figure 2.3: Non Linearity: IP2, IP3 [5]

ITP3: It generally occurs when a wanted signal is located, at a frequency f1 and a
blocker signals at frequency f2. This blocker will reach the input and generate 3™
order inter-modulation (IM3) at frequency 2f1-f2, i.e. at the IB frequency as the
wanted signal. The scenario is recreated when two blocker tones inter-modulate
and the IM3 product appears again on top of the wanted signal. This is shown
in the Figure 2.4. In this case, the RF spectrum will have the two blockers which
have a frequency offset between themselves, which is exactly the offset made by
one of them with the wanted frequency signal, at any three suitable frequencies
in the RF bandwidth. These scenarios severely deteriorate the SNR. A measure
for 3'4 order linearity is called an IIP3 can be calculated [15] as

IM3|dBm = 3Pblocker‘dBm - 21[P3|dBm (2.3)
Input After
spectrum downconversion
Blocker Blocker
signal 1 signal 2
fLO/ M3 >
fo fy fo DC
fo= Wanted signal Condition:
f1= Blocker signal 1 offset_val= fp-fy
fo= Blocker signal 2 =f4-fy

Figure 2.4: Scenario for IM3 products appearing on top of wanted
signal due to inter-modulation between 2 blocker tones.
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where the power of the two blockers (Pyj,ck.r) have been assumed equal for sim-
plicity.

Gain Compression: Gain compression occurs when the input power of an am-
plifier is increased to a level that reduces the gain of the amplifier and causes a
nonlinear increase in output power. The amplifier has a linear region of operation
where gain is constant, and independent of power level. The gain in this region
is commonly referred to as "small-signal gain". As the input power increases, the
amplifier gain appears to decrease, and the amplifier goes into compression. The
most common measurement of amplifier compression is the 1-dB compression
point (Figure 2.5). This is defined as the input power which results in a 1-dB
decrease in amplifier gain (relative to the amplifier’s small-signal gain) [10].

A

Gain
(dB)

"1-1dB

—> Ppiocker(dBm)
1dB Cross

compression

Figure 2.5: Gain Compression Plot

Cross Modulation: Cross modulation are seen in radio receivers at instances
where the modulations schemes used have an amplitude component. Cross mod-
ulation is the amount of amplitude modulation due to non-linearities in the re-
ceiver chain which is transferred from an unwanted signal at OB frequency or LO
leakage emissions, to the required one being received. These strong signal may
cause part of the receiver to become non-linear and transfers the varying ampli-
tude over to other signals. As it is a 3™ order effect, a receiver with a good 3™ or-
der intercept point should also exhibit good cross modulation performance [10].

Perossmod = Cfactor + 2meod + Pfl —2I1P3 (2.4)

Where Ppssmod 18 resulting power of the cross modulation, P4 is the power of
an amplitude modulated blocker at frequency f,4, P1 is the power of blocker
signal at frequency f1 and Cycto, depends on modulation of blocker [10] [16].

Reciprocal Mixing: Reciprocal mixing results from the phase noise performance
of the local oscillators within the radio receiver. For receivers operating in the
presence of local strong signals, the reciprocal mixing performance of the over-
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all receiver is important. This manifests phase noise requirements onto the LO
synthesizers used within the receiver.

Single tone
jammer
RF BB
> >
1 Wanted signal
- anted signal +
Wanted signal Interference from LO
Lo signal phase noise
LO signal with
phase noise

Figure 2.6: Reciprocal Mixing [6]

Harmonic Mixing: Harmonic mixing is from LO signals which are square wave
signals controlling the mixer. Interference of odd harmonic will be converted into
baseband. All the higher order harmonics which are a major issue can be rejected
by using Harmonic Rejection Mixer (HRM).

Input After
spectrum downconversion

Blocker
signal
3 harmonic

q

Fundamental

DC

nged DC
signal

Figure 2.7: Harmonic Mixing [7]
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2.1

Front end specifications

In NB-IoT, the 3GPP standard mandates the requirement of a receiver to be capa-
ble of tuning the signals within the frequency range 450MHz to 2200MHz, thus
necessitating it to have wide-band reception with good selectivity. In this stan-
dard, the OB requirements are deliberately relaxed to allow SAW-less operation.
Its also demands to design a linear receiver with high dynamic range LNA.

Although, the RF front end has to follow the specifications mandated by 3GPP
as a necessary requirement, additionally, a few more requirements have been de-
fined for the master thesis work considering the practicalities and power con-
straint achievements. The requirements have been defined in such a way that the
design can form a bench mark for other receiver architectures.

The receiver front-end comprising of RF components such as LNA and HRM, BB
components such TIA and harmonic recombination circuit have been considered
for design in this work. Design of dividers needed to produce the phase shifted

LO signals are also considered.

The front end specifications defined for the thesis are as follows:

Parameter Value

Process technology 40nm CMOS
Supply Voltage [V] 1.2

RX power [mW] <20

RF Frequency range [MHz] 450 - 2200

BB Bandwidth (I/Q) [kHz] 100
Temperature range [°C ] -40- 125

Noise Figure [dB] 3 typ. or less

Gain [dB] 60 =10

OB Blocker Tolerance [dBm] -15 max. @ 100 MHz offset
Third order harmonic rejection [dB] >60

S11 [dB] <10

IB TIP3 [dBm] >-20

OB 1IP3 [dBm] >0

IB IIP2 [dBm] >50

LO leakage [dBm] <-57

Circuit type Single ended LNA and passive mixer
Topology Inductor-less and DCR

Table 2.1: Front end target specifications
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Chapter 3

Background

CMOS scaling is beneficial for wide bandwidth, but not for linearity because of
more short-channel effects and lowered supply voltage sets tighter constraints for
handling large interference. The linearity challenge in scaling CMOS is especially
problematic for OB interference, which can be much stronger than IB interfer-
ence. In a wide-band receiver, OB interference can generates IB distortion via
non linearity or harmonic mixing, as described in Chapter 2. In recent years,
many wide-band receivers have come up, partly enabled by the CMOS process
advancement [17].

In traditional multi-standard receivers, multiple dedicated receivers were used
in parallel, each for one band. It was effective from product development fronts
having advantage of quick time to market and low risk. However, this approach
significantly increased system size and cost for every band that is added, for both
on-chip and off-chip components. It is becoming increasingly impractical to fol-
low this approach as there are already a large number of radio communication
standards, while new ones like LoRa, NB-IoT etc. are continuously being devel-
oped [17].

Relevant characteristics of a wide-band receiver include the input matching, gain,
and NF versus frequency. A key enabling block is a wide-band LNA, which is
usually the first block of a receiver chip and therefore can largely affect the input
matching, gain, and NF of the whole receiver.

For a wide-band LNA, to simultaneously achieve good impedance matching, e.g.

IS111 <-10dB, and low noise, e.g. NF <3dB, is challenging. Besides, another
bottleneck of wide-band operation may come from the interface between LNA
and mixer where the capacitive loading from mixer can limit the bandwidth of
LNA [17].

To counter the extra-ordinary challenge due to OB interference and need of wide-

band operation in the absence of pre-filtering, there are different innovative de-
signs reported in literatures as discussed in the following section.

13
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3.1 Prior art

Extensive efforts have been made in recent years to improve the performance of
front-end receivers to mitigate co-existent issues. This is evident from the variety
of approaches reported in the various literatures, which, as shown in this section,
range from re-discovered concepts to novel receivers architectures.

Before going into depth of approaches used in different literatures to overcome
the issues stated, more insights about basic functionality of these receivers with
respect to different modes in which receivers are operated and topologies consid-
ered are given.

3.1.1 Voltage versus Current mode

Receivers are operated in two modes namely, Voltage Mode and Current Mode.

In voltage mode, the LNA drives the mixer as a voltage source developing a
voltage gain at RF. On the contrary, in current mode approach, the LNA inject
an RF current into the low input impedance of the mixer and no RF voltage gain
is developed. In other words, in voltage mode, mixers are terminated by high
impedance and in current mode, mixers are terminated with a low impedance.
Since conventionally the LNA is assumed as a voltage source, in current mode
operation it is called Low Noise Transconductance Amplifier (LNTA).

In both modes mixers are very similar where the input signal is multiplied with
the LO. The input and the output of the mixer are alternatively connected and
disconnected, resulting in a multiplication by a square-wave, with a period equal
to 1/ fro. Only the first harmonic of the square wave is used to down-convert the
signal obtaining a conversion gain (521) equal to 2/ 7 [15]. When mixers operate
in triode region they are called passive mixers and when in saturation region they
are called active mixers. Since the passive mixers have excellent wide-band lin-
earity, low flicker noise and no power consumption, passive mixers are preferred
in modern low power designs. This however comes at the cost of conversion gain
and need of full rail LO signal [18].

3.1.2 LNA first versus Mixer first

Depending on topologies used for design receivers, they can be classified in two
ways:

1. LNA first.
2. Mixer first.

LNA first receivers are the traditional radio receivers, where the first stage is an
LNA, whose main function is to provide enough gain to overcome the noise of
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subsequent stages [19]. To make receivers blocker tolerant some researchers used
the approach of avoiding the use of LNA and starting the receiver chain at the
mixer, known as Mixer First receivers. These architecture prevents the amplifi-
cation at the input which eliminates the amplification of blockers, as the antenna
gets directly connected to the down conversion mixers. These Mixer First ar-
chitectures can incorporate matching basically with the help of N-path filtering
technique [20] or providing a positive feedback as in [21], obtaining an exception-
ally linear receiver [4]. Due to absence of a gain stage in mixer first architectures,
they tend to be more noisy compared to a LNA first architectures.

3.1.3 State-of-the-Art Wide-band RX

To avoid the need of SAW filter a variety of LNA first architectures [9,22-27] and
mixer first architectures [4,21,28-31] have been proposed.

As basic N-path filtering technique is inadequate to meet the stringent OB blocker
rejection demands, all the implementation discussed in this work, except [22],
uses current mode of operation to minimize voltage gain at RF frequencies while,
[22] uses low-pass reconfigurable differential sampling capacitor in the baseband.
Unlike others [31], [21,22] are Software-defined radio (SDR) based receivers. Im-
plementation in [31] incorporates tunable resistor, capacitor in the BB amplifiers
to obtain tunable input match and tunable-Q Band pass filter (BPF) and 8-phase
harmonic rejection mixer to reject 3rd and 5th order non-linearities. With better
handling of OB interference and improved NF a current-mode passive mixer first
architecture was proposed in [21]. Input matching at LO was established by in-
troducing frequency translational positive feedback from BB to RF input, with
tunable feedback resistance in the path. The gain and cut-off frequency of the
TIA are also controlled digitally. These blocker tolerant designs are enabled with
great programmability, possesses high linearity and wide-band matching at the
expense of high NF and power consumption.

Different from traditional mixer first receivers and N-path filters, implementation
in [30] employs Cross-coupled (x-coupled) passive switch-RC down-conversion
mixer providing improvement in linearity and compression. The mixer switches
are connected to the antenna through matching resistors offering wide-band in-
put matching. In [25], active feedback frequency translational loop is introduced
to provide better RF selectivity by using high pass filter along the feedback path.
Though these designs achieves high linearity performance, they compromise on
power and NF.

Implementation in [9, 24] uses AX- based Analog-to-digital (A/D)- converting
Channel-select-filter (CSF), where [9] uses highly linear gain switching Noise
Canceling- Low Noise Transconductance Amplifier (NC-LNTA) to provide wide-
band matching whereas [24] uses positive feedback as in [21] to attain impedance
matching. The architecture is based on direct down-conversion AX feedback that
is directly up-converted to RF nodes through N-path filtering technique. Though
these digitally intensive architectures support blocker tolerance, achieves com-
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petitive noise performance with ~ 2dB higher NF and same linearity perfor-
mance with respect to design considered in this work, for this work designing a
complete AX-based receivers was chosen out-of-scope due to its complexity and
time availability. Use of resonant load and design for narrow-band operation,
implementation in [23] was chosen to be inadequate for our work.

Wide-band, blocker tolerant, SAW-less DCR front-end with harmonic rejection
mixer are proposed in [26,27]. Implementation in [26] uses a 8-phase HRM and
operates in three modes, whereas [9] uses 6-phase HRM to achieve required har-
monic rejection. These implementations shows good harmonic rejection perfor-
mance, decent NF and high enough linearity, power consumption was on a high
side in [26].

FTNC based receivers were proposed in [4, 28] which provides relaxed perfor-
mance trade-offs between noise, OB linearity and wide-band operation.

A Zero-power receiver front end consisting of transformer in place of active LNAs
and passive mixers complemented by noninvasive filtering which is a method
that applies filtering to only interferers without invading the signal have been
demonstrated in [32]. This power efficiency came at the expense of noise figure,
narrow bandwidth and linearity.

3.2 Summary on Techniques adopted to make re-
ceivers Robust

3.2.1 N-Path Filtering

N-path Filtering : The N-path filter essentially performs down-conversion of RF
signal, filters with a low-pass response and up-converts again to RF. This tech-
nique helps to realize RF transfer function with a precise center frequency and
can offer high quality factor (Q-factor) with the aid of frequency translation. The
3dB bandwidth of the filter is estimated [20] as

1
f-348 = S NRC

(3.1)

Sometimes they are also called as Transferred Impedance Filter.

3.2.2 Noise Cancellation

Noise Cancellation: The noise canceling technique alleviates the trade-off be-
tween blocker tolerance and NF [4]. This technique dissociates noise and input
impedance so that broadband resistive matching is realized [33]. In this tech-
nique two fully correlated Common Mode (CM) noise voltages cancel by taking
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differential output. It includes two amplifier stages in parallel where one stage
(main path) offers matching and an other stage (auxiliary path) provides gain.
The two fully correlated noise contributions originating from the same matching
device via two paths get canceled at the output. The wanted signal is injected out
of phase with respect to noise of the matching device, so signal contributions are
added, while noise is canceled.

To achieve NF <3dB, several variants of noise canceling RX are proposed which
make use of Noise Canceling- Low Noise Amplifier (NC-LNA) or NC-LNTA. In
NC-LNA based architectures voltages at the output with suitable voltage gain is
provided at RF are added to cancel noise. Whereas in NC-LNTA based architec-
tures as in [9] and [34], the addition of signals from two path are done in current
domain. These can have high linearity and good blocker handling capacities, es-
pecially when this is combined with high-linearity current mixers and frequency
translated filtering [33].

Frequency Translational Noise Canceling (FTNC): Although noise canceling in
RF with voltage gain have many attractive properties, there are also challenges,
especially if we need to handle strong blockers. To avoid this, voltage gain at RF
is moved to BB. The voltage to current (V-I) conversion takes place at RF, followed
by a down conversion mixer and then current is converted to voltage in baseband
where noise gets canceled. As noise canceling occurs after frequency translation
it was named as FTNC [4]. As the gain is now realized in BB instead of RF, load
capacitance that would otherwise limit the RF bandwidth of the current to voltage
(I-V) conversion is no longer a problem. As filtering reduces the amplitude of
blockers, we can then allow for much more BB gain without clipping. Large
capacitance is needed across input of TIA to suppress OB blockers. In DCR, we
can use simple low-pass filtering for anti-aliasing, and relax ADC dynamic range
and sampling rate requirements.

3.2.3 Blocker Tolerance

Blocker Tolerance: A wide-band design amplifies both wanted signal and a very
strong OB signal. This causes the sensitivity to reduce as the front-end amplifiers
run into compression. This situation often arises when a receiver and transmit-
ter are run from the same site and the transmitter signal is exceedingly strong.
When this occurs it has the effect of suppressing all the other signals trying to
pass through the amplifier, giving the effect of a reduction in gain. As in NB-lIoT
applications there will be situation when radio transmitter will be operating in
the close vicinity to a receiver, if the radio receiver is blocked by the neighbor-
ing transmitter then it can seriously degrade the performance of the overall radio
communications system. For e.g. when a user is using a mobile at a close vicin-
ity of IoT system, strong signals received by mobile can corrupt the wanted IoT
signals.

To tolerate the blockers i.e. to avoid receivers getting compressed, many blocker
tolerant receivers are developed using different techniques. These receivers have
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some common features like they employ passive mixers and they suppress volt-
age gain at blocker frequencies. Deployment of current mode passive mixers
forces, voltage swing at the output of LNTA to be low as receiver works in current-
mode and hence blocker does not experience voltage amplification causing gain
compression significantly reduced. Also, due to the limited loop gain of the TIA
its input impedance increases with frequencies, increasing the voltage swing at
the input [27]. By inserting a shunt capacitor at the TIA input OB blockers are
attenuated before the TIA as the impedance seen by the LNTA and mixer will be
low also for high offset frequencies [21]. Generation of LO signals with low phase
noise also reduces effect of blockers [4].

3.2.4 Harmonic Rejection

Harmonic Rejection: Mixers are generally controlled by square waves to max-
imize linearity and removing the interference at even harmonics of LO signal.
Mixers under hard switching minimize the NF and nonlinearity but implying
that the blockers at odd LO frequencies (such as 3™, 51..) will also be down-
converted to the BB corrupting the desired signal. A key consideration in the
design of broadband receivers is the spurious response of the down-conversion
mixers, where LO harmonics can lead to down-conversion of unfiltered interferer
to BB, along with the desired signal, thus degrading the signal-to-noise ratio.

Recent broadband receivers utilize a HRM to reject LO harmonics within the
down-conversion mixer and prevent interferer from being down-converted to
BB. Depending on the configuration of the HRM, it is possible to choose the har-
monics that are rejected. In the ideal case, this rejection can be infinitely large.
In practice however, the achievable level of rejection of LO harmonics is limited
by phase mismatch in the multiphase clocks and gain mismatch in the sinusoidal
gain coefficients [7].

Harmonic Rejection Mixer (HRM): This type of mixer allows for the signifi-
cant reduction or removal of close-in harmonics of the effective down-conversion
LO. The Harmonic suppression is achieved through the use of multiphase clocks
along with sinusoidal gain coefficients within the mixer, which synthesizes an
effective down-conversion LO which is a much better approximation to a sinu-
soidal LO waveform, compared to a simple square-wave [7].

The first HRM which was used within transmitter was proposed by Weldon in [8].
This implementation was based on Gilbert cell active mixers. The mixer input is
operated on by three path, each with a clock frequency f;, and relative phase
shift and gain corresponding to a sampled sinusoid. In this implementation three
square waves LO with 50% duty cycles at relative phase shifts of -45°: 0°: 45°and
scaling the 2" LO by /2 reject the 3™ and 5% harmonics when the three paths
are summed at BB as shown in Figure 3.1.

In an another implementation a passive HRM was proposed by Molnar in [35]
which alleviates the problem related to RF device mismatch as in [8] and increase
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Figure 3.1: Traditional HRM by Weldon in [7, 8]

linearity by applying all gain ratios for harmonic rejection after down-conversion
i.e. in BB. The switches of this implementation are turned on in succession by
eight, phase split, 12.5% duty-cycle LO signals at the IF frequency. As in [8] the
same eight gains are applied individually to each paths to provide Harmonic
rejection.

Rejection of fifth and higher order harmonic was not considered in this work and
we decided to go HRM with 6 phases proposed by A. Nejdel in [27]. Using this
technique power consumption is reduced and simplifies the LO divider circuit.
In [35] and [27] the mixer is terminated by a TIA, enabling the operation in cur-
rent mode. Following the TIA the gain ratios are implemented by a combination
network where signal from TIA are combined by using proper resistor ratios at
the the input of the summation circuitry. OP-amp provides the virtual ground
for summing the current produced by each path and harmonics are rejected at
the input.

3.3 Classification of RX architectures

The prior art in the domain of RX architectures have been employing several dif-
ferent techniques for achieving the specified requirements. However, there are a
range of similarities among the architectures, for which a method of classification
must be identified. Classifying architectures helps to study them more precisely
leading to a potential solution for the problem defined in this thesis. The entire
set of wide-band receivers can be classified generally as Mixer first and LNA first
architectures, but this would not be giving a deeper insight into the properties of
the receivers. Another way of classification is identification of the mode in which
LNA is operated i.e. Voltage mode or Current mode and the conditions in which
mixers down-convert the RF signal into the BB signal.
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Architecturally the wide-band receivers are classified as:

1. Current mode Mixer first Receivers.

2. Voltage mode LNA first Receivers.

3. Current mode LNA first Receivers.

Table 3.1 summarizes the different topologies studied in this thesis as part of the
Literature Survey which was conducted with respect to the architecture classifi-
cation we have adapted and techniques adopted to make receivers robust.

Architecture Technique

Voltage Mode | Current Mode | LNA First | Mixer First || Noise-Canceling | Harmonic Rejection | Blocker Tolerant
JSSC"12 [4] v v v v v
RFIC’15 [21] v v v v
JSSC’10 [31] v v v v
JSSC'11 [22] v v v
RFIC"16 [30] v v v
JSCC13 [23] v v v v
JSSC’12 [25] v v v
JSCC'15 [32] v v
NORCAS16 [24] v v v
JSSC’15 [9] v v v
ESSCIRC’13 [27] v v v v
RFIC"15 [28] s v v v v
TCAS-1I'13 [26] v v v v

* Transformer is used as the LNA

Table 3.1: Summary of different topologies

In summary, most of the published literature about wide band receivers use a
zero-IF architecture for high-level integration and adopt a passive mixer for low
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1/f noise. Larger mixer switches helps to operate in current mode as ON resis-
tance will be lower. Careful sizing of the mixer switches are to be accounted,
as large switches require more driving power from LO dividers. Phase noise of
LO circuits should be carefully monitored to achieve high tolerance to blockers.
Also, voltage gain at blocker frequencies should be avoided to aid blocker toler-
ance. Square wave LO signals controlling the mixer helps to maximize linearity,
gain, noise performance whilst also removing interference at even harmonics of
the LO.

Different techniques like active feedback in [25], FTNC in [4] and [28], mixer first
topology as in [31] are adopted to mitigate issues arising due to removal of SAW
filters and achieve a wide-band matching. To make RX power efficient, [4] and
[9] have adopted approaches like, turning off auxiliary path in the absence of
blocker and gain switching in LNTA providing variable gain offers competitive
power consumption without compromising on NF. To achieve good 3™ order
harmonic rejection traditional 4-phase LO circuitry can be replaced with 6-phase
LO circuits.
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Chapter 4

Design methodology

From the extensive survey of literature in RX, a large number of receiver archi-
tectures are found to be promising, but considering the scope of the thesis and its
objectives, two of them are selected on the basis of their promising factor towards
the goal of the thesis and their performance comparisons. The selected architec-
tures being: a single ended Frequency Translational Noise Canceling RX [4] and
a gain switching LNTA based RX [10].

The study upon their designs have revealed that these architectures have incor-
porated methods of noise canceling, gain switching, blocker tolerance and power
saving into importance. As a result, both of them are considered for design and
simulation further to bring about a detailed comparison among them and to find
out how much they adhere to the requirements defined in the thesis.

In this chapter we shall discuss in detail the design methodology of each of the
type of receivers separately.

4.1 Frequency Translational Noise Canceling RX
(FTNC-RX)

The FTNC RX, described in [4] is a wide-band blocker tolerant and noise can-
celing DCR with two down-conversion paths. This corresponds to the main path
and the auxiliary path where the former gives matching with the antenna and the
latter helps to achieve noise cancellation in the presence of a strong OB blocker.
The main path is basically a passive mixer first front-end which down-converts
the RF current to baseband instead of converting the current measurement to a
voltage at RF. A BB amplifier configured as TIA then converts any current in the
receive band to voltage. The auxiliary path provides the voltage measurement
using the transconductance stage in which an inverter LNTA converts the RF
node voltage to current, which is then down converted by another passive mixer.
The down-converted IB current is later converted to voltage by a second TIA. The
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baseband outputs from both of the paths are then combined into In-phase (I) and
Quadrature-phase (Q) components using operational amplifiers based weighting
and recombination stage. In [4] the architecture is been presented as both single
ended and fully differential topologies with respect to the antenna interfacing,
since the latter require a balun and hence not considered in the thesis because of
the expected insertion loss which will degrade the NF further.

i
A

Auxiliary path

Antenna

Inverter LNTA

~—
Weighting and
Recombination

Figure 4.1: Block diagram of FTNC RX architecture

Impedance matching to the input port is achieved by the impedance looking
into the main path similar to a mixer-first receiver, which is directly contributed
by the mixer switch resistance and the up-converted measure of BB TIA input
impedance (Zpp). The low frequency noise in the BB of the main path is up-
converted by the passive mixer to RF and appear at the input node. It will then
enter the auxiliary path and appear as common mode at the output. As a result,
under the perfect matched condition to the antenna port Rg = Z;,,, noise in the
receiver is optimally canceled by setting shown in Equation (4.1).

GmaiNn = GauxGumRs (4.1)

where Gparn, Gaux are respectively the baseband gains of the main and aux-
iliary paths and G, is the auxiliary path transconductance. When the equation
gets satisfied, the noise from the transconductance stage emerges as the only ma-
jor noise contributor.

The input impedance of the main path which is the input impedance of the RX
Zi, seen by antenna port at RF is given by Equation (4.2),

1 . T
Zin{lwro + Aw} ~ Rgpp + Msmc2 (M) Zp{Aw} 4.2)
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where Ry is on-resistance of the M mixer switches driven by non-overlapping
clocks and (Zpp(Aw)) is BB impedance.

A large capacitor is connected at the output of the mixer to shunt the OB block-
ers. It provides a current sink at the large offset frequencies. In the BB, the TIAs
converts the frequency translated current signal to voltage for subsequent pro-
cessing. A pole is added in each of the TIAs which sets the BB bandwidth of the
receiver. An operational amplifier configured as an inverting summing ampli-
fier is connected in this path to perform the harmonic rejection operations . The
summing amplifier works with the same set of equations used in [27] to reject the
third order harmonics of LO frequency. The I and Q components of the BB signal
are extracted and are made available to the ADC for digitization. As expected,
in order to cancel the noise, signal components from the main and the auxiliary
paths is subtracted at the summing amplifier which ensures noise cancellation
and signal addition.

4.2 Gain switching LNTA based RX

Unlike FTNC RX topology mentioned in the previous section which is a mixer
first architecture, a Gain-switching LNTA based RX is discussed in this section.
This topology operates in current mode, which helps us to mitigate issues de-
scribed in chapter 2. This topology uses inductor-less NC-LNTA implementation
proposed in [9].

|

Antenna

Passive Mixer

>,

;[[_\ Cshunt

-
5

NC-LNTA

| —
Weighting and
Recombination
Figure 4.2: Block diagram of Gain Switching LNTA based RX archi-
tecture

Primary advantage of this LNTA is that input is single ended which helps us to
avoid balun and hence the insertion loss associated with it. Wide-band NC-LNTA
is based on a shunt-shunt feedback helps us to relax the trade-off between NF and
wide-band matching in the input stage. To maintain a high second order linearity
in presence of mismatches in the double-balanced passive mixers, the design of
the LNTA is optimized for balanced outputs. The NC-LNTA operates in two gain
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reduction modes (-3 dB and -6 dB) which is obtained by disabling some of the g,
and gy, stages and hence the name gain switching. The Gain switching together
with noise canceling technique provides good trade-off for noise performance
with respect to power consumption.

Use of differential mixer inherently cancels second order non-linearities due to its
symmetry. Due to its differential structure noise and distortion arising from the
the LO divider is canceled. To operate in current mode large switches is used in
the design. In the BB, a TIA using two stage OP-amp is adopted to support cur-
rent mode operation. It boosts and converts the current-mode signal into voltage
mode which will be recombined to reject third order harmonics using a harmonic
recombination network. With the aid of feedback impedance in the TIA, low-pass
response helps to filter out unwanted signal and retains the wanted information
signal which will be then provided to ADC for further processing. A shunt pole
in introduced at the input of the TIA to make RX insusceptible to OB interfer-
ing blocker signals. Input resistors of summing amplifier used in harmonic re-
combination network are carefully scaled to achieve better third order harmonic
rejection.

As LNTA is used to interface with the antenna, issues related to spurious emis-
sions from LO can be mitigated.

4.3 Implementation and Circuit design

The complete receiver is built from the basic building blocks as discussed before.
The circuit level discussions are presented in this section for each of the individ-
ual blocks which encompasses the design and block level simulations for each
block.

4.3.1 Low Noise Transconductance Amplifier (LNTA)

As discussed earlier, in a typical receiver, the key task of an LNTA is to pro-
vide substantial small signal gain with low noise to suppress the noise of the
mixer and baseband stages. Additionally, due to the absence of SAW filter, for
wide-band RF input LNTA, linearity becomes highly necessary. The input stage
linearity improvement should be solely focused upon having sufficiently high
dynamic range to handle the large OB blocker and to avoid severe desensitiza-
tion of the desired signal [36]. Having kept these in mind, different architectures
are selected- starting with a single inverter transconductance stage, to a cascoded
stage LNTA and finally to a gain switching LNTA with inbuilt noise canceling
mechanism. The designs of these are discussed in detail below.

Although LNTAs are designed to give an optimal transconductance to meet the
current mode operations of the RX circuit, the DC power consumption plays an
important role in setting this value which is a major trade off along with linearity
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Figure 4.3: Inverter LNTA used in FTNC [4]

and noise specifications. An LNTA based on a simple inverter circuit as shown in
Fig. 4.3 with the use of non-minimum length (from 40nm to 60nm) devices have
been used in FTNC topology to boost the output impedance. Having minimum-
length devices degrades the NF by a few tenths of a dB [4]. The transconductance
of this class-AB LNTA have been set to 110mS, a higher value, which helped to
linearize the working of the connected passive mixer into a better current mode
for better noise performance. It is a high input impedance amplifier with a wide
band characteristic and possesses good linearity. This topology is used in the
FTNC-RX where the input impedance of auxiliary path should be very high and
thus is very suitable for the architecture.

Another implementation of LNTA is discussed in [9] uses the LNTA architecture
based on shunt-shunt feedback as shown in the Fig 4.4. The first stage of the
LNTA is a voltage amplifier (A;;) which also gives a good wide-band impedance
matching, and an optimal gain from fine tuning the feedback resistor (Ry). Its
output is then fed to a bank of transconductances, gn which perform the volt-
age to current conversion for the LNTA operation, having an output in phase
with the input signal. A second bank of transconductances, g, are connected
directly to the RF, produces an output current which is in phase opposition to the
input signal. The combined effect of the two banks of trans-conductances help
to achieve single ended to differential signal conversion, while performing noise
cancellation of the noise produced by transistors in voltage amplifier A;, stage.

The noise generated by the transistors of A, stage is amplified by transconduc-
tance ¢y which reaches its output node O,. The same noise source is also found
at the RF input attenuated by the factor 1 + R¢/R; (where R is the impedance of
the RF antenna port which is assumed to be 502 in this work) and gets amplified
by the transconductance g, and reaches its output node O,,. For optimal noise
canceling the following equation has to be satisfied,
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Figure 4.4: Gain switching LNTA [9]

gmn/gmp:Rf/Rs+1 (4.3)

while perfectly balanced signals at output nodes O, and O, requires,

|Av|gmp = gmn (4.4)

where A, is the voltage gain of A, stage.

Also, optimal input matching is demanded by the relation,

|Ag| = Rp/Rs —1 45)

Since, all these three equations cannot be satisfied at the same time, a trade-off
is been made between optimal noise cancellation, input matching and balanced
outputs. A balanced output also helps to preserve the high 27 order linearity in
the presence of mismatches. In order to reduce noise contribution of R, to obtain
additional gain at the matching stage along with a good compromise between the
other two factors, Ry has been chosen with 3300 as the optimal value for input
matching.
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During the simulations conducted while designing the circuit, the A, was set to
5.7, with gy and gyp having 196mS and 34mS respectively, satisfying the equa-
tion (4.4).

4.3.2 Passive Mixer

The ideal mixer has to multiply the incoming RF signal with the complex LO fre-
quency which frequency shifts the wanted signal to DC. As explained before, the
passive mixer because of its advantage of enhanced linearity with lower power
consumption is employed in this work along with the technique of N-path fil-
tering. A six phase mixer is used in this work for its ability to aid the linearity
enhancement with respect to the third order harmonic distortions.

The passive mixers are configured single ended or differential as shown in the
Figure 4.5. The single ended has an area advantage but at the cost of the amount
of LO phase noise leakage and leakage through intrinsic capacitance due to large
size mixer switches which is not optimally canceled. The differential mixer on
the other hand needs to have a balanced differential LNTA output at its input
for an LNTA first architecture or a balun in case of the mixer first architecture, of
which the latter is ruled out because that would incorporate to the overall noise
figure from its insertion loss. Thus a fully differential mixer was considered for
gain-switching LNTA based RX, but the single ended variant for the FTNC RX.

Generally, since we need a very low ON-resistance from the mixers for current
mode operation, the switch resistances were chosen in the order of 10 to 40Q). The
sizes of these CMOS switches will be exceedingly large if operated under a very
low overdrive voltage and hence, their overdrives were increased to 1.732V using
on chip bootstrapping circuit with values of resistor equal to 20k} and capacitor
equal to 5pF to a get a nominal balance between the switch size and the overdrive
voltage. This was also required by the fact that the DC voltage appearing at the
drain or source of the transistors were same as the common mode setting voltage
of the adjacent sitting TIA, which was set to ~ 600mV. This ensures that close to
zero DC current follow through mixers avoiding need to decoupling capacitors at
the input. The switch sizes ranged from 70.8um to 9.44um for getting a resistance
of 10 to 400).

In the mixer first path of the FTNC-RX, the sizes of the mixer switches are crucial,
as they would be involved in providing the input impedance matching of the
circuit according to the equation 4.2. Initially, after iterative analysis the Rgw
and up-converted Zpp values are chosen as 1002 and 40Q) respectively, and vice
versa, where the former performed very well with respect to linearity when the
path by itself was considered alone. Subsequently, when the auxiliary path is
introduced, the combination of 200}, 302 was considered as it improved the key
parameters including noise cancellation and without compromising the linearity.
However, in the auxiliary path, although input matching is not required, the Rgy
is chosen as 200}, for simplicity as degradation of performance is not observed
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together with blocker tolerance of -15dBm and while a very low up-converted
Zpp is chosen to ensure, current mode operation.

Whereas, in LNTA based architecture, differential passive mixers coupled with
N-path technique is used with values of Rgyy to be equal to 52 and the corre-
sponding width of mixer to be equal to 118um to aid current mode operation.

4.3.3 LO pulse generation circuitry

The LO circuit is very critical in the design of the receiver. Important parame-
ters such as LO leakage, Noise Figure, overall DC power consumption has direct
dependence on the construction of the LO circuitry. Starting with the area per-
spective, if the Voltage Controlled Oscillator (VCO) is used at twice or thrice the
wanted frequency helps to reduce the size of inductors on-chip. This also comes
with the hidden benefit that the LO leakage problems are reduced [10]. This sug-
gests that an LO divider circuit is essential for receiver operation. Other benefits
are related to the circuit construction topologies.

. Lo%
l\ CLK + —>cLk+ —>cLk+
Lo® Lo
——D Q D Q D Q :><
3fio D a o] D Q 70| D Q
T CLK - CLK - CLK -
. LO120

Figure 4.6: LO divider block diagram

In this thesis, the design of VCO is not considered, but however, the design of
the divider circuitry is considered in order to ensure that the receiver operation
is simulated correctly. The basic block of the divider circuit is a latch. In [4], a 6-
phase LO divider in voltage mode operation using D-flip flops which are clocked

D latch, positive clock D latch, negative clock Multiplexer
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Figure 4.7: Elements of the CML latch in the LO divider circuit [10]
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Figure 4.8: LO divider transient block diagram

modifications of latches is proposed. A CML based latch presented in [10] was
selected for design in this thesis because of its high frequency performance and
reliability. A frequency division of factor 3 is required in the generation of 6-
phase LO and the divider uses three dual edge triggered latches, each of which
has two sub-latches, where one is positive edge triggered while the other is nega-
tive. A multiplexer is then used to select either latch for the corresponding clock
edge. The latches in the divider circuit are connected as shown in the Figure 4.6.
Transistor level circuit diagram is as shown in the Figure 4.7.
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Figure 4.9: Simulated LO divider transient curves

A duty cycle of 16.67% is required for the selected 6-path mixer, and hence after
the divider circuitry, a logic circuit based on AND gates is in place as shown in
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the Figure 4.8 and the simulated transients is as shown in the Figure 4.9. The
mixer switches being reasonably large in size, having to drive them using a large
current, a set of buffers are also connected.

Very low phase noise with value equal to -142dB at 100kHz is achieved. The
simulated phase noise curve is as shown in the Figure 4.10.

Noise power (V//Hz) (dB)

-160 1 1 1 1 1 1
10° 107 102 108 10* 10° 108 107
Frequency (Hz)

Figure 4.10: Simulated LO divider phase noise curve

Power consumption is found to be equal to 1.387mW at 440MHz which rises to
2.581mW when operated at 2.2GHz.

4.3.4 Base-Band Amplifiers

The OP-amp is the key building block in the BB. For reducing the power con-
sumption without compromising NF and also to give a rail to rail output voltage
swing with limited distortions, class AB designs have been explored. The designs
from [4,10] have been used as precursors. The OP-amps are configured fully dif-
ferential with a local CMFB circuit to set the DC common mode voltage level at
the output to 600mV. This ensures the maximum dynamic range for the BB signal
through the receiver with a voltage swing of -1.2V to 1.2V at the power supply
voltage of 1.2V.

The Figure 4.11 shows a single stage OP-amp whose design is inherited from [4].
Its structure resembles much more like a single stage difference amplifier, with an
active resistor load circuit which forms the CMFB circuit of the OP-amp shown
in Figure 4.12. The design could achieve a Gain Bandwidth Product (GBW) of
688.635MHz with a DC gain of 43.53dB shown in Figure 4.13. The input transistor
sizes had to be increased to mitigate the noise problems. This had an impact on
both the input stage operating point DC current and the associated CMFB circuit,
whose sizes had to be increased in order to increase its loop gain to fix the output
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CM voltage without error. Minimizing the power was given emphasis while ad-
hering to the targets to be achieved. Hence the individual power consumption of
the OP-amp was limited to 3.34mW.

VDD VDD

.,

Vin+ Vout™ Vout* Vi~

R

ano \/ ano \/

Figure 4.11: One stage operational amplifier [4]
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Figure 4.12: One stage operational amplifier CMFB circuit [4]

The OP-amp discussed above was limited to the fact that it could not provide
a lower input impedance to the TIA, because its open loop gain is low which
is the most important requirement of the current mode operation in LNTA first
architectures. This is discussed in detail in the later sections. Due to this reason,
a two stage OP-amp originally used in [10] is explored.
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Figure 4.15: Two stage operational amplifier CMFB circuit [9]

The design could achieve an open loop DC gain of 66.08dB with a GBW of 1.60GHz,
shown in Figure 4.16. Being a fully differential OP-amp, a new voltage mode
CMFB as shown in Figure 4.15 was deployed again to set the output CM voltage,
which would indirectly set the CM voltage at the inputs under a global feedback.
The difference mode stability is achieved with the help of the RC links from out-
put to input. To attain CM stability, an additional zero was required in the CMFB
loop, which was designed as an RC link from the CM error amplifier input to
output. The TIA consumes 2.44mW of DC power.
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Figure 4.16: Two stage OP-amp open loop Gain and Phase

To reduce flicker noise, length of the input transistor have been chosen to be com-
paratively large and widths were scaled to satisfy the proper width per length
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ratio. The values of the OP-amp had been conclusively chosen as shown in the
figure, after we could successfully get it to a promising working condition in the
receiver architecture. The design of the OP-amps have been refined for the use
case requirements for the typical modifications namely, TIA and the summing
amplifier which are discussed in the following sections.

4.3.4.1 Trans-Impedance Amplifier (TIA)

A fully differential single-pole TIA, a class of active filter is designed which com-
poses of a OP-amp and passive components i.e. resistors and capacitors. The TIA
works in a negative feedback configuration. This filter has bandwidth of 686kHz
and 1.5MHz for the single ended Frequency Translational Noise Canceling RX
and gain switching LNTA based RX respectively. The purpose of this TIA filter
is to amplify the small IB current to a large voltage by providing a large trans-
impedance gain, while rejecting any large OB current signal. In addition to this
large trans-impedance and low-pass response, the TIA should have a close to zero
input impedance, which manifests the voltage swing at the input to be very low
irrespective of large incoming current signal. This helps to maintain high linear-
ity of TIA and passive mixers. The filtering in the analog domain also helps to
relax requirements of the ADC block.

The trans-impedance gain is defined as the output voltage divided by input cur-
rent. The gain of the TIA is expressed in terms of (). This gain is always equal to
the feedback impedance (Ry + Cy).

The input impedance (Z; 174) of the circuit is given by :-

ZT1A
4.
1+ Ay (4.6)

ZiTia =
Cs

Ry

IBB Vout

Ry

Gy

Figure 4.17: Trans-Impedance Amplifier (TIA) with single-pole
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where, A, is the open loop DC gain of the OP-amp and Zr; 4 is the total feedback
impedance.

Equation (4.6) shows that the input impedance of the TIA increases as the open
loop DC gain for the OP-amp decreases, which implies, higher open loop DC
gain is required to support current mode operation.

As per equation (4.1), for FTNC RX topology, as matching is directly related to
TIA input impedance, a single stage OP-amp was used to design the TIA. To
operate more in good current mode by lowering the input impedance of TIA, a
two stage OP-amp was used to design TIA in the gain switching LNTA based RX
topology as two stage OP-amp has the advantage of higher open loop DC gain
compared to single stage.
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Figure 4.18: Main path TIA
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Figure 4.19: Auxiliary path TIA

In FTNC RX topology, in the main path, the value Ry, Cf was chosen to be 7k}
and 100pF respectively to meet the matching requirements. Figure 4.18 plots TIA
input impedance with corresponding up-converted input impedance is 35.53(2
and trans-impedance gain is 82.77dBv. In Auxiliary path the value R¢, C¢ have
been chosen to be 1.2k} and 100pF respectively to support current mode opera-
tion, while simultaneously meeting the noise canceling condition (equation 4.1).
The up-converted input impedance is 24.04() and trans-impedance gain is 67dBv
as shown in Figure 4.19. The Figures have also depicted the value of down-
converted input impedance, which actually corresponds to the value of Zgg{Aw}
in the equation 4.2.

In gain switching LNTA based RX topology the value for R¢, C have been chosen
to be 2k} and 100pF respectively, to operate in current mode and with a reason-
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able bandwidth.The corresponding down converted input impedance is 5.360)
and trans-impedance gain is 72.02dBv, shown in Figure 4.20.

3dB BW= 800.54kHz

@
S

Down-converted
Zin = 5.36Q2

n
o

o

Transimpedance Gain (dB)
Input impedance (Z;,) (2)
IS
o

o
=)

10° 105 100 10° 1010
Frequency (Hz) Frequency (Hz)

Figure 4.20: TIA Gain plot for LNTA first architecture
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Figure 4.21: Stability plot for Main path TIA

To analyze the stability of the circuit, Loop Stability Analysis with the aid of Spec-
tre’s Stability (STB) analysis was performed using CM-Difference Mode (DM)
probe. As shown in Figure 4.21, Figure 4.22 the CM loop gain has been found
to be equal to 63.23dB, 65.313dB with corresponding phase margin to be equal to
82.71°, 81.59°and DM loop gain has been found to be equal to 43.01dB, 43.21dB
with corresponding phase margin to be equal to 93.45°, 91.79°for the main path
and auxiliary path TIAs respectively.

Whereas for the TIA used in LNTA first RX the CM loop gain has been found to
be equal to 106.4dB with phase margin to be equal to 61.04°and DM loop gain has
been found to 66.08dB with phase margin 60.23°. Plots are shown in Figure 4.23.



40

Design methodology

Gain (dB)

Phase Angle (deg)

Gain (dB)

150

100

Phase Angle (deg)

GBW=3.265MHz

10°

$m = 81.592°

50

108
Frequency (Hz)

10

10

Gain (dB)

Phase Angle (deg)

-20

GBW=2.671MHz

e DIVL

105

150

100

50

Pm = 91.792°

e DM

10°

10°
Frequency (Hz)

Figure 4.22: Stability plot for Auxiliary path TIA
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Figure 4.23: Stability plots of TIA used in LNTA first architecture

As phase margin (¢,,) are above 60° with reasonable gain values, which is the
condition generally defined to ensure a stable system, we can confirm that TIA
designed to be highly stable without sacrificing the input impedance and ob-
tained competitive values for bandwidth with respect to our requirements.

4.3.4.2 Summing Amplifier

Following the TIA a Harmonic weighting and recombination stage is used where
all the six signals from the TIAs are recombined to produce simple differential I
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and Q signals as shown in Figure 4.24 .
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Figure 4.24: Summing amplifier block diagram ( shown for | channel)

This combinational network is designed using an summing amplifier. The sum-
ming amplifier produces an output voltage (V,,t) by performing the algebraic
sum of input voltages Vq, V,, V3 with each branch having individual input resis-
tor values equal to Ry, Rz, R3 and feedback resistor equal to R 7 To achieve 3rd
order harmonic rejection and to obtain symmetrical I and Q signal generation, the
equations 4.8, 4.9 have been used. The weighting for the resistors is scaled using
these equations. The detailed analysis can be found in [27]. All the input signals
are effectively isolated from each other due to virtual ground node at the input of
both terminals of the OP-amp.

_ Vi Vo VW
Vout = Ry (Rl + R, R3> 4.7)
V= \}5 L 2 (4.8)
(\/§+2) (\/5-1—1)
1 V- V-
Vg = /3 —Vi+ 12 + 13 (4.9)
(\/54-1) <\/§+2)

Where V3, V3, V3 are the branch nodes voltages at the input of each terminals and
Vi, V, is the output voltages of I and Q stages respectively.

Using this relation a good third order harmonic rejection of 48dB, and 56dB has
been obtained for the single ended Frequency Translational Noise Canceling RX
and gain switching LNTA based RX respectively. As theoretical values of weight-
ing was considered which assumes an ideal conditions, finite third order har-
monic rejection ratio was observed in this work. Third order harmonic rejection
>60dB could be achieved by varying the values of weighting by a small amount,
until, an optimized condition is obtained.
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Chapter 5

Simulations and Results

Detailed trials and simulations have been carried out at each and every level of
the design phase. The simulations were performed in the Virtuoso Analog Design
Environment L [37] with the aid of Spectre-RF simulator. To study the operations
and performance of the circuits, data from various simulations namely, transient
responses, Alternating Current (AC) and DC simulations, Periodic Steady State
(PSS) responses, periodic small-signal analyses, Periodic Transfer Function (PXF),
Periodic S-parameter (PSP) , noise simulations, loop stability checks using Peri-
odic Stability (PSTB) have been recorded. Not only the shooting method, but
Harmonic Balance (HB) method is also used for convergence in PSS simulations.
This exercise has made us thoroughly understand the functioning of each block
in the circuit, and helped us to tune the values in accordance to the design speci-
fications.

This chapter discusses the simulations which were performed over the selected
receiver systems and subsequent comparisons that were deduced for an in-depth
understanding of the two selected receiver architectures. For simplicity, the block
level simulations have already been included in the previous chapter. A variety
of variable sweeps have been specifically selected with the intention to find the
pitfalls of the design and also to identify the possible scopes of improvement. The
results of the simulations run are presented and a comparison is made among the
two architectures in the end.

5.1 Receiver simulations

The receiver architectures are designed and simulated in the Cadence Virtuoso
[37] software. The simulation targets set are for the nominal Typical-Typical (TT)
process corner at a temperature setting of 27°C. The Spectre-RF simulator is used
for obtaining the most accurate results. Further, the Monte Carlo simulation in-
volving mismatches in transistors is considered as a special case for finding the
trends in LO signal leakage from the mixer to the RF port and to measure IIP2 of

43
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the receivers. The user manuals for these tools have been referred continuously
to aid the simulations with the procedures, tips and tricks included within them.
The entire exercise has been described in this section and the results obtained
have been summarized.

Before going into the detail of the simulations techniques considered and the re-
sults obtained for the two selected receiver architectures, a summary on the series
of analyses performed in this thesis which are particularly used in RF circuit de-
sign are discussed as follows.

5.1.1 Analyses

1. DC analysis: This is run to verify the DC operating points, and to ensure
that all the transistors are biased properly according to the required regions
of operation.

2. Transient (TRAN) analysis: This is a normal transient analysis, run to ver-
ify the signal transitions in various parts of the circuit under different signal
inputs.

3. AC analysis: This is a frequency sweep using a small signal model, which
outputs the Bode plots of any given outputs with respect to a swept input
frequency.

4. Transfer Function (XF) analysis: In this the output frequency is swept,
and the Bode plots are plotted with respect to any of the input small signal
source.

5. Noise analysis: This is a small signal analysis, which gives the noise power
spectral variations for the given circuit for any identified output port from
any given input port.

6. STB analysis: The STB analysis is run to find out the loop stability condi-
tions of any closed loop circuits.

7. PSS analysis: This is a large signal simulation which is used to obtain the
large signal model of the receiver circuit over which other simulations can
be run. Here a transient is run for a specific user set time, after which
the software runs one more iteration for a period of the fundamental fre-
quency component, and extracts a wide range of values ranging from volt-
age, current, power etc., plotted against a spectrum or any sweep variable.
There are two modes to run PSS namely, the HB method and the shooting
method, where the former is based in frequency domain trying to balance
out the harmonics while the latter tries to attempt convergence by super-
imposing the oscillations over the fundamental time period.

8. HB analysis: This is another competing approach to simulate the Radio
Frequency Integrated Circuits (RFICs) using HB algorithm. The HB algo-
rithm is very efficient, flexible and actually calculates the steady state solu-
tion directly. HB is a pure frequency domain technique. The entire circuit



Simulations and Results 45

10.

11.

12.

13.

to be simulated is first separated into its linear and non linear sections. A
HB solution is found if the interconnect currents for the linear section are
the same as the interconnect currents for the non-linear section. Therefore
the currents of the linear and the non-linear sections are balanced at each
harmonic frequency.

The simulations such as Harmonic Balance AC (HBAC), Harmonic Balance
Noise (HBNOISE) and Harmonic Balance S-parameter (HBSP) analyses are
run on top of the operating point set using HB analysis.

. PXF analysis: On top of the PSS large signal model, the output frequency

is swept logarithmically as a small signal and the transfer functions with
respect to the individual signal sources are extracted.

Periodic AC (PAC) analysis: Again a PSS large signal model is extracted
and a small AC signal is run. On contrary to the PXF analysis, the fre-
quency now swept is at the input and the effect off the signal is recorded at
the output.

PSP analysis: This analysis gives the periodic steady state s-parameters
measured using the large signal model from PSS.

Periodic Noise (PNOISE) analysis: This is another analysis which uses
the operating point obtained after PSS. It then runs a small signal analysis
to identify the noise conditions in the circuit with a sweep over frequency
variable.

Quasi-Periodic Steady State (QPSS) analysis: This analysis gives a faster
but lesser accurate periodic state operating point of the circuit. The sim-
ulations such as Quasi-Periodic Transfer Function (QPXF), Quasi-Periodic
AC (QPAC) and Quasi-Periodic S-parameter (QPSP) analyses are run on
top of the operating point set using QPSS. As discussed earlier, QPSS also
have two methods of simulation namely, the HB method and the shooting
method which behave in the same way as explained earlier.

5.1.2 Simulation techniques

The simulation techniques associated to the RX design are discussed below.

1.

Operating points simulation: This is mainly the DC simulation to identify
the small signal operating points of the circuit, and at the places where we
have a large signal, the PSS simulation is run. For the smaller blocks such
as the OP-amp, the operating points are set at block level, and since the set
value at CM is 600mV in each of the blocks it is visible at the architecture
level too. DC power consumption of the circuits are also recorded using
this type of simulations.

Frequency response simulation: This is run using AC or XF for small sig-
nals, and their periodic equivalents for large signals. Since the receiver is
simulated as a whole, PXF is considered. The frequency at BB output of the
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whole RX chain is swept in the simulation, to obtain the gain and band-
width of the down converted signal as a function of input frequency axis.
XF analysis is used when TIA is simulated stand-alone.

. Noise Figure simulation: The NF is simulated using the PNOISE simu-

lation on top of the PSS with setting the output at the BB and plotting the
logarithmic equivalent of the measured noise factor, which is duly obtained
from the measurements of signal power and noise power at the output and
the input source. Its is also used to simulate the phase noise arising from
the LO circuits.

. Compression curve simulation: This is the first order linearity simulation

run for the whole RX as well as LNTA stand-alone. The single tone in the
frequency of interest, just the same as LO is fed at the input port in the
RX test bench with variable input power. A PSS simulation is now run
sweeping the input power with the HB method. The curve is then plotted
for the output power against the swept input power. The point where the
curve starts to deviate from slope 1 linearity by 1dB is measured as the 1dB
Compression point (CP1dB).

. Cross compression simulation: In addition to Compression curve simu-

lation, the cross compression simulation is run with the combination of
PSS and PAC. This simulation helps us to understand at what OB input
blocker power the RX gets compressed. The blocker power at a large offset
of 100MHz is swept at the input port and the large signal operating point
is obtained using PSS. A PAC simulation is run on top of it, with a small
offset =~ 100kHz from the LO frequency without any variable sweep. This
returns the plot with Power gain against the blocker input power value.

This same exercise can also be performed using HB analysis along with
HBAC simulation to achieve faster results.

. Higher order linearity simulation: The Intercept points extracted out of

the power transfer characteristics with the extrapolated lines from the sec-
ond order and third order output harmonics with the fundamental corre-
spondingly refers to 2" order intercept point (IP2) and 3" order intercept
point (IP3). The points determine the second order and third order lineari-
ties of the receiver circuit. To simulate this curve, a QPSS simulation is run
with two large tones with a fixed offset from the LO is input at the port
such that their IM3 product is always IB of the receiver, a simultaneous
power sweep of both tones are simulated and the possible combinations
of frequency domain products are summarized into a table after the simu-
lation. From the list in the table, the required harmonics are selected and
plotted to get the IP2 and IP3.

In order to plot IB and OB third order linearity in a signal curves respec-
tively HB analysis have been used. Two tones with a constant amplitude
were considered at Fi, + (2 of fset) and F, + 110kHz + of fset, and the
offset were varied simultaneously from 1kHz to 100MHz so that their 3™
order inter-modulation (IM3) product appears at 110kHz offset from DC.
The power of the IM3 products was recorded for each offset which was
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extra-polated using co-ordinate geometry along with a first order IB signal
with same amplitude to drive the IIP3 curve. Similar exercise was per-
formed to simulate IIP2 with respect to offset but in this case, the tones
were set at Fj, + of fset and F, + 110kHz + of fset, whereby their IM2
products appear IB. A Monte Carlo simulation was run on top of it to con-
sider the variation with respect to mismatches.

7. Monte Carlo simulation: The simulation technique involves introduction
of mismatches among transistors and over the process corners to get a good
estimate on the expected deviations that can occur as an outcome of the po-
tential fabrication run. The output is a histogram with the statistical values
of the design namely, mean, variance, standard deviation, etc,. A given pa-
rameter or expression is set as the output and the associated simulation is
run over a large number of points, where more the number, the better the
estimates. This process helps to find the variations with respect of process
and mismatches and hence the yield of such a design fabrication run.

The above techniques have been rigorously employed in the experiments con-
ducted in the work. The simulations were run with a clear trade off between
precision versus time taken. Typical examples included such as QPSS being a
faster simulation compared to PSS, the former was used to repeatedly tune the
receiver for various parameters including CP1dB, IIP3, IIP2, and finally running
PSS once the tuning was complete. This is in support with the fact that the PSS
simulations are much more precise than QPSS.



48

Simulations and Results

5.1.3 Frequency Translational Noise Canceling- RX

In FTNC- RX, the simulations are run for two sets of conditions namely, the noise
canceling OFF and noise canceling ON. In Noise canceling OFF condition, only
the main path is active and as a result the DC power consumption is recorded
low with a value of 18.63mW at f, = 925MHz as shown in Figure 5.1.
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Figure 5.2: Simulated integrated NF versus the LO frequency

From the simulation curves as shown in Figure 5.2, it is evident that low power
consumption comes at the cost of NF which is simulated to be 7dB integrated
over a bandwidth of 1kHz to 100kHz with f;, = 925MHz. With the idea to im-
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Figure 5.3: Simulated RX gain versus the LO frequency

prove the NF, if the auxiliary path is included in the simulation, the NF drops
~ 2dB which is also shown in the Figure 5.2. The equivalent penalty in the DC
power is = 40mW as given in the Figure 5.1 which compares the both cases. The
corresponding gain obtained is 41.9dB and 47.8dB for the noise canceling OFF
and noise canceling ON conditions respectively over the range of RF frequency
of operation for RX front-end is shown in the Figure 5.3. NF increases at higher
frequency as flicker noise arising from LO dividers become more profound.

Figure 5.4 shows simulated S11 with the courtesy of main path which is <-10dB
over the wide frequency bandwidth of operation assuming RF port impedance to
be equal to 502 implying a very good matching being achieved.
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Figure 5.4: Simulated S11 versus the LO frequency
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A very good performance of LO leakage has been recorded as shown in Figure 5.5
which plots spurious emission from LO circuits over the wide frequency band-
width of operation under matched condition and Figure 5.6 which plots the LO
leakage considering process and variation mismatches which is same for both
conditions with are convincingly <-59dBm to adhere the IoT specifications. Be-
ing a mixer first architecture, LO leakage has been found considerably lower com-
pared to the gain switching receiver which will discussed in the next section.
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Figure 5.5: Simulated LO leakage at the RF port versus the LO
frequency
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Figure 5.6: Simulated LO leakage at the RF port with respect to
mismatch at f, = 925MHz

Unacceptable aliasing of signal at third order harmonic of wanted frequency is
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avoided with a decent third order harmonic rejection >39dB as shown in the Fig-
ure 5.7 for both the conditions. Third order harmonic rejection is lowered when
auxiliary path is turned off due to limited loop gain in the main path.
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Figure 5.7: Simulated 3" order harmonic rejection versus the LO
frequency
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Figure 5.8: Simulated IIP3 using two-tone test with respect to offset
frequency at fj, = 925MHz and input power of wanted signal
to be equal to -60dBm

The 2™ order and 3" order linearities for the architecture are substantially high
in the presence of OB unwanted signal. An OB IIP3 value of >0dBm is obtained
which is true for both cases as portrayed by the plotted curves in the Figure 5.8
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and considering mismatches, an OB IIP2 value of >30dBm is achieved for noise
canceling on condition which is the worst case having highest gain as shown in
Figure 5.9. Noise-canceling off mode being a mixer first RX topology, OB IIP3
are found to be substantially high. Also IB IIP3 of -15dBm to -25dBm and IIP2 of
>20dBm have been achieved. Difference in IB IIP3 is seen due to increase in gain
as Auxiliary path is turned on.
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Figure 5.9: Simulated IIP2 using two-tone test with respect to offset
frequency for Noise canceling on condition at f;, = 925MHz
and input power of wanted signal to be equal to -60dBm
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The simulated gain and NF with respect to swept power of OB blocker signal at
100MHz offset and a small wanted signal at 100kHz offset and F;, = 925MHz is
shown in the Figure 5.10 and Figure 5.11. Expectedly the receiver could toler-
ate blocker signals as high as -6dB and NF is only degraded by roughly 2dB in
the presence of -15dBm blocker signal. For noise canceling ON condition the re-
ceivers gets compressed at a lower input power compared to noise canceling OFF
conditions because gain get increased when Auxiliary path is switched on.
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5.1.4 Gain switching LNTA based RX

Following results are for LNTA based RX with LNTA in gain reduction modes
(-3dB and -6dB) as shown in the Figure 5.12. The advantage of variable gain
control at RF is to lower the DC power consumption in the presence of large
wanted signal and improve linearity. The power consumption reduces by 7mW
and 14mW respectively, shown in Figure 5.13 by disabling some of the g, and
gmn stages in the LNTA. This gain reduction leads NF to degrade by ~ 1dB to 3dB
shown in Figure 5.14. NF increases at higher frequency as flicker noise arising
from LO dividers become more prominent.

60

o- o o o o . _ . R
—o
M 55 F g 4
i)
~ —
g
]
O
5
-z
o
3
o 50 - b
—#—1 LNTA gain-switching stage
—e—2 LNTA gain-switching stages
=©—3 LNTA gain-switching stages
45 Il Il Il Il Il
0.5 1 1.5 2 25

LO Frequenéy (GHz)
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Figure 5.15 shows decent matching performance of <-15dBm with respect 500}
load for the wide frequency bandwidth of operation for RX front-end.
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Figure 5.15: Simulated S11 versus the LO frequency

As shown in the Figure 5.16 spurious emission from LO circuits are significantly
<-59dBm over the range of frequency of operation which meets the requirements.
Figure 5.17 plots the LO leakage considering process and variation mismatches
which is same for all modes of operation with are convincingly <-59dBm whereby
adheres to the NB-IoT specifications. LNTA is connected to the antenna followed
by a double balanced mixer helps to reduce LO leakage.
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A excellent 3" order rejection of >52dB is recorded with negligible variations
observed when LNTA operated in different modes as shown in the Figure 5.18.
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The 2" order and 3™ order linearities for the architecture are reasonably high
in the presence of OB unwanted signal. An IIP3 value of >-10dBm for all the 3
modes is achieved as shown by the plotted curves in the Figure 5.19 and consid-
ering mismatches an IIP2 value of +48dBm was achieved for worst case i.e., with
all stages have been enabled as shown in Figure 5.20. Input power of the two
tones were equal to -60dBm. IB IIP3 varies from -9dBm to -28dBm due to lim-
ited loop gain of the RX which reduces as output resistance of the LNTA reduces,
which gets lowered as more gain stages are enabled.
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The simulated gain and NF with respect to swept OB blocker at 100MHz offset
with a small wanted signal at 100kHz offset and Fj, = 925MHz is shown in the
Figures 5.21 and 5.22 respectively. Remarkably the NF is 3dB in the presence of
-15dBm blocker, but the receiver gain gets compressed when blocker power as
low as -19dBm is present at the input.
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5.2 Receiver comparisons

Parameter FTNC RX Gain switching RX
Architecture Mixer first LNTA first
RF Frequency [MHz] 450-2200 450-2200
RX Input Single-Ended Single-Ended
RX Gain [dB] 41.5-47.8 49-58
NF @ F, = 925MHz [dB] 2-7 2.1-3.6
BB Bandwidth [kHz] 636 1619
NF w.r.t. -15dBm blocker @ 100MHz offset [dB] 2.1-4.8 2.5-5
Third order harmonic rejection [dB] 39-49 52-54.7
IB I1P3 [dBm] (-25) - (-20) (-28) - (-9)
1B IIP2 [dBm] +20 +48
OB Blocker Tolerance @ 100MHz offset [dBm] -5.1-1.54 -19
LO leakage with mismatch @ Fj, = 925MHz [dBm] <-91.61 < -114.265
S11 [dB] <-18 <-12
DC power consumption [mW] 16-39 22-38
Supply voltage [V] 12 12
Process corners TT TT
CMOS Technology [nm] 40 40

Table 5.1: Receiver front-end comparisons
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From the above set of simulations, it is very evident that each architecture has
its own pros and cons which are the key identifiers for understanding the most
promising one for the application of interest of this thesis. For this, a separate
discussion is made in the next chapter where we bring about the conclusions of
our study in this thesis.



Chapter 6

Conclusions

A detailed study among front end RX architectures for the NB-IoT application
have been carried out, leading to a selection of two promising architectures, which
are designed at circuit level. The simulations run on them have helped to gain
more insight with respect to their operational capabilities and performance. The
exercise has also shown that a necessary but significant trade-off exists between
the NF and the DC power. Linearity of the receivers can be maximized if the
receivers are operated mostly in current mode and also with the use of simple
designs such as inverter LNTA and passive mixers. The analysis also reveals that
the noise canceling circuit techniques help to improve the NF of the receiver front
end, not limiting its performance but with a decent gain and linearity.

The comparisons among the two selected architectures: a FTNC- RX and a gain-
switching LNTA based RX shows that the former provide relaxed trade-offs be-
tween linearity and noise figure and can perform much better with respect to the
blocker tolerance specifications while a better gain (which is also programmable)
is achieved by the latter with reasonably larger noise figures. Both of them ad-
here to the 3GPP specifications for NB-IoT while achieving most of the thesis tar-
gets of wide-band, low-power and blocker tolerant, except the BB bandwidth of
both receivers are at higher side and gain-switching LNTA based RX falls short of
4dBm with the OB blocker tolerance requirements mandated by the 3GPP which
is -15dBm. In hindsight, both of these can perform much better and fulfill to
100% requirements if the power consumption limits can be enhanced by around
5-10mW from the ~ 40mW existentially consumed by either of them when they
are best performing.

An important feature of the designs are that each of them are single ended at the
RF input port, which enables a balun free operation, which thus indirectly aids
to mitigate the insertion loss of such an element, if considered to interface at the
antenna. The insertion losses could have directly impacted upon the NF values
degrading them further. Also, each of the architectures are individually compara-
ble to the performance of the receivers using an RF SAW filter while being largely
tunable such that they could possibly accommodate a large RF bandwidth.
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The thesis work could be completed within an approved time frame, and is con-
sidered to be largely successful. This was a good learning experience in terms
of the study of RFIC design as well as the technological know how of the prod-
uct design cycle in the industry. As students, this project has given us a good
beginning to pursue an industrial career.



Chapter 7

Future Work

The thesis work has accomplished the objectives largely, but however, a lot more
work could be done with respect to refining the existing design and the explo-
ration for newer solutions. A set of identified future works are discussed in this
chapter.

With respect to the existing design, improvements can be made in the gain switch-
ing LNTA based RX, in order to tolerate large OB blockers of power -15dBm by
either increasing the power supply voltage of the A,, stage or by redesigning the
stage to give a better noise performance at a lower voltage gain. The linearity
performance of the architecture can be enhanced by using sub-Vt transistors in
parallel with the input transistors of g,,,, stage as discussed in [9]. It has also been
observed that the noise performance of both of the selected architectures degrade
over increase in LO frequency. The cause for this has been identified as the flicker
noise generated by LO divider circuitry at higher frequencies whose design im-
provements can also be carried out as a future work. Additionally, higher order
baseband filtering using active filters can be provided after the TIA block in order
to achieve sharper roll-offs for better selectivity in the receiver architectures.

The design of a complete RF front end with RF switch and ADC could be sim-
ulated and studied to find the robustness of the receiver design. This will also
reveal onto exact measurement of the sensitivity of the receiver RF system. This
can be then tested along with additional digital hardware for gain switching and
Automatic Gain Control (AGC) of the receiver to test the performance degrada-
tion in the presence of a large modulated OB blocker as a future work.

A complete layout of the design can be drawn to find out how much variations
can be expected with respect to the schematics in an actual implementation. Ad-
ditionally, a chip tape out followed by a rigorous test cycle will reveal onto the
extent of adherence of the real chip hardware with respect to the simulation re-
sults. This will help to understand the downsides of our design and shall enable
us to improve further on it with respect to efficiency, power output, and area.

Methods of noise cancellation can be explored as given in the paper [38]. Newer
architectures, [39,40], to mention a few of them could be explored, which tend
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to achieve a good noise performance at a lower DC power. More architectures
based on the methods mentioned in the above works can also be explored.
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