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RESUMO

Os dispositivos de comunicacdo sem fio estdo cada vez mais presentes, € com 0
aumento no nimero desses dispositivos, o nimero de protocolos de frequéncia também aumenta.
E desejado que os receptores de RF (radiofrequéncia) operem em todas estas frequéncias.
Tecnologias como SDR (Rddio Definido por Software), cadeias de comunicacdo nas quais a
maior parte dos componentes de comunicagdo ¢ implementada em software, apresentam ampla
reconfigurabilidade. Assim também € desejada uma ampla reconfigurabilidade do receptor
RF, na sua frequéncia de operacao e se possivel também na largura de banda. Boa parte das
arquiteturas reconfigurdveis mais recentes usam varios filtros BAW (Bulk Acoustic Wave) e SAW
(Surface Acoustic Wave), filtros que apresentam boa linearidade e seletividade, mas nao sao
reconfigurdveis. Assim, torna-se necessario o uso de varios filtros (cada um numa frequéncia
central especifica). Outra solugcdo € a implementacdo de uma arquitetura de banda larga o
suficiente para abranger todo o espectro de frequéncia desejado, mas isto traz interferéncias de
frequéncias fora da banda.

Para atender essa demanda, o trabalho atual faz uso de receptores mixer-1°" baseados
em filtros N-Path. Filtros N-Path apresentam a vantagem de apresentar reconfigurabilidade,
bom fator de qualidade, boa seletividade, além de poder ser implementado em tecnologia
CMOS (Complementary Metal-oxide-semiconductor) (diferentemente de filtros BAW e SAW). O
dispositivo é conectado logo no comeco da cadeia, sem a necessidade de um LNA (amplificador
de baixo ruido) em RF. Esses filtros apresentam boa linearidade e figura de ruido competitiva.
Entretanto filtros baseados em N-Path, em sua maioria, sao implementado numa arquitetura de
conversdo direta. Essas arquiteturas apresentam diversas ndo idealidades como por exemplo
offset DC, ndo linearidades de segunda-ordem e, especialmente, ruido 1/f. Como este bloco serd
o primeiro componente da cadeia, qualquer técnica que venha a melhorar a figura de ruido é
vélida.

Este trabalho consiste em implementar uma arquitetura N-Path mixer-1°" low-IF (frequén-
cia intermedidria), minimizando assim as ndo idealidades das arquiteturas de conversao direta. A
reconfigurabilidade da frequéncia central € intrinseca ao filtro N-Path, mas este trabalho também
almeja reconfigurar a frequéncia intermedidria e a largura de banda. A arquitetura alcanga uma
largura de banda de 1,25 MHz até 10 MHz, frequéncia de chaveamento entre 1 GHz e 2 GHz e
frequéncia intermedidria entre 1,25 MHz e 10 MHz. Neste trabalho sao deduzidas equagdes que
auxiliam na escolha dos componentes para cada uma das frequéncias intermedidrias e larguras
de banda. Simula¢des de impedancia de entrada e ganho de tensdo sdo usadas para validar das

equagoes para cada um dos modos de operacao.

Palavras-chave: Filtro N-Path. Low-IF. Mixer-1%’.



ABSTRACT

Wireless communication devices become more present each day, and with the increasing
number of those devices, the number of frequency protocols also increases. It is desired
that RF (radio frequency) receivers operate in all frequency protocols. Technologies such as
SDR (Software Defined Radio), communication chains in which a significant portion of the
components is implemented in software, present wide reconfigurability. Thus, it is also wanted
wide reconfigurability in the RF receiver, its operating frequency, and, if possible, bandwidth. A
significant portion of the current reconfigurable architectures use multiple BAW (Bulk Acoustic
Wave) and SAW (Surface Acoustic Wave) filters. Those filters present good linearity and good
selectivity but are not reconfigurable. Thus, it becomes necessary the usage of multiple filters
(each in a specific central frequency). Another solution is the implementation of architecture
with a bandwidth wide enough to include all the desired frequency spectrum, but this brings
out-of-band interferences to the architecture.

To meet this demand, this work uses a mixer-1*’ receiver based on N-Path filters.
N-Path filters present as advantage reconfigurability, good quality factor, and good selectivity.
In addition, it can be implemented in CMOS (Complementary Metal-oxide-semiconductor)
technology (different from BAW and SAW filters). The device is connected as the first block of
the chain without an LNA (low-noise amplifier) in RF. Those filters present good linearity and
competitive noise figure. However, N-Path-based filters are primarily implemented in a zero-1F
(intermediate frequency) architecture. Those architectures present multiple nonidealities, such
as DC offset, second-order nonlinearities, and especially 1/f noise. Since this is the first chain
component, any technique that improves the noise figure is valid.

This work consists in implementing a low-IF N-Path mixer-1° architecture, reducing
the non-idealities of the zero-IF architecture. The central frequency reconfigurability is inherent
to the N-Path filter, but this work also aims to reconfigure the intermediate frequency and the
bandwidth. As a result, the architecture achieves a bandwidth from 1.25 MHz to 10 MHz,
switching frequency between 1 GHz and 2 GHz, and intermediate frequency between 1.25 MHz
and 10 MHz. In this work, equations are obtained that help choose the components for each
intermediate frequency and bandwidth. Input impedance simulations and voltage gain simulations

are used to validate the equations for each operation mode.

Keywords: N-Path filter. Low-IF. Mixer-1*.
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1 INTRODUCTION

1.1 CONTEXT AND MOTIVATION

Wireless communication devices become more abundant each day, and the increasing
number of those devices also brings a large number of frequency protocols. Technologies such
as software-defined radio (SDR), technology in which parts of the receiver-transceiver chain are
implemented in software, have a very dynamic change in the parameters of the communication
chain and require wide reconfigurability. In the RF (radiofrequency) receiver, its bandwidth
(BW), central frequency, some of the physical interface connecting with the antenna, and the
filters used in those receivers still present a challenge in its reconfiguration [1]. Table 1.1 shows
some of the more usual wireless protocol and their center frequency and unfold the necessity of a

reconfigurable receiver that addresses all those protocols.

Table 1.1: Communication protocols and its frequencies

Protocol Frequency
Bluetooth 2.4 GHz

. 868/915 MHz:
ZigBee 2.4 GHz
o 2.4 GHz;
Wi-Hi 5 GHz

UWB 3.1-10.6 GHz

Source:[2]

Some reconfigurable RF receivers have a very wide band, but this brings a low rejection
for out-of-band (OOB) interferences (selecting both the wanted signal and blockers). Another
technique is to have a receiver with multiple parallel front-ends [3], with a BAW (Bulk Acoustic
Wave) or a SAW (Surface Acoustic Wave) filter tuned in each center frequency. BAW and SAW
filters present good linearity and selectivity but are not reconfigurable (hence the need for multiple
filters) furthermore, they are implemented off-chip. When compared to CMOS (Complementary
Metal-oxide-semiconductor) technologies solutions, they have the disadvantage in cost and area
[4]. Figure 1.1 shows the MB86L13A transceiver, where it is possible to notice many off-chip
SAW filters due to the lack of reconfigurability in those filters.

The solution presented in this work is a mixer-1*’ receiver with an N-Path filter. Mixer-1*
receivers are architectures in which the first block of the chain is a mixer (hence the name
mixer-1*"). N-Path filters consist of switched-capacitor branches that accept signals equal to the
switching frequency, f;. This filtering technique presents a good quality factor, uses integrated
CMOS technology and can be reconfigurable. N-path mixer-1*" architectures are usually zero-IF

(intermediate frequency), so the signal is converted directly to O Hz central frequency. Hence,



13

Figure 1.1: MB86L13A transceiver schematic
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Source: adapted from [5]

flicker noise, DC (direct current) offset, and second-order non-linearity can be a problem [6].
As the mixer will be the first block of the complete receiver, the noise should be mitigated as
much as possible. The mixer-1° receiver presented in this work uses a low-IF technique [7]. The

N-Path filter will be reconfigurable in its switching frequency, bandwidth, and low-IF frequency.

1.2 OBJECTIVES

1.2.1 General Objective

The general objective is to project a low-IF mixer-1*" architecture based on N-Path filters

with reconfigurable f;, intermediate frequency (f7r) and bandwidth.

1.2.2 Specific objectives

This research has the following specific objectives:
1. Study of N-Path and mixer-1*" architectures;
2. Development the N-Path mixer-1*" architecture;

3. Deduction of mathematical equations that describe the behavior of the architecture;
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4. Study of techniques for reconfiguration of capacitors and resistors;
5. Implementation of reconfigurable capacitors and resistors in the architecture;

6. Validation of the architecture’s frequency response with different f;, f;r, and bandwidth;

1.3 DOCUMENT STRUCTURE

Chapter two provides the necessary theoretical background that helps this work’s
understanding. It addresses classical N-Path filters and mixer-1*' receiver.

Chapter three presents the state of the art of mixer-1*' receivers and N-Path filters,
presenting commonly used architectures, advantages, and disadvantages.

Chapter four addresses the development of this project. First, the simulations that were
used are presented. Then, the chosen topology of the N-Path mixer-1%" is presented, describing
its operation. A deduction of analytic equations that command the filter operation follows. The
chapter is finished with a description of the process used to choose the project parameters.

Chapter five presents the results. It shows the architecture’s behavior for different
bandwidths, f;r, and f;, comparing simulation results with the results of the theoretical equations.
Input impedance and voltage gain are observed to validate the architecture.

Chapter six presents a brief overview of the results and present what it is planned for

future works.
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2 THEORETICAL BACKGROUND

2.1 N-PATH FILTER

The N-Path filter’s initial idea takes the RF frequency, downconverts, passes it through
a low pass filter, and upconverts it [8]. With that, the low pass filter (in baseband) becomes a
bandpass filter. Figure 2.1 presents this operation.

Figure 2.1: Representation of the upconversion and downconversion processes in the low pass filter, that results in a
bandpass filter

RE RF
Vin \ Vout
p(t) @ q(t)
RF RF
Vin / \ Vout

Source: adapted from [8]

The first N-Path topology that uses switches for the process of downconversion and
upconversion was presented in [9]. This topology is shown in figure 2.2. Moreover, using as
reference the N-Path filter presented in figure 2.2 is possible to exchange the low pass filter for
RC filters. The result is presented in figure 2.3.

If the frequency shift in the upconversion and the downconversion are the same and
the switching is in phase, the switches in the same RC filter in figure 2.3 will have the same
behavior (closed and opened simultaneously; S;; = S;, in figure 2.3). Therefore it is possible
to remove one of the branches of switches [9]. Figure 2.4 shows this topology, the switches on
the right-hand side are removed. The filtered and upconverted signal is obtained at the node V,,
while the voltages in the capacitors (V¢y, Veo,..., Vey) give the filtered signal in baseband. The
filters in figure 2.2, 2.3 and 2.4 all have the same behavior (if the frequency shift is the same in
the upconversion and the downconversion). Thus the most basic topology of the N-Path filter is

conceived.
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Figure 2.2: N-Path filter using switches for the process of downconversion and upconversion

S11 S12
—" 00— | _\ oo
Vin | Vout
S21 S22
D,y C— _\ o0
o
®
®
Sn1 Sn2
D, CR— \ o0

Source:adapted from [9]

Figure 2.3: N-Path filter topology after exchanging the low pass filters for RC filters

S11 R ver S12
— A oo
. —— C1
Vin T | Vout
S21 R Ve S22
o AN oo
T"
.
L
Sni R o Sn2
% e S
T"
Source:[4]

The filter’s switching behaves in a way that the clock’s duty cycle is divided in order
to close the switches in progression and have only one closed switch at a time [4]. The clock
strategy is presented in figure 2.5.

As mentioned before, N-Path filters are reconfigurable bandpass filters. Understanding

its operation becomes more accessible in the time domain and assigning a 4-Path value (four
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Figure 2.4: N-Path filter topology in which the low pass filters are exchanged for RC filter and the branch of switches

in the right hand side are removed

S11
st _/ VC1
I o ]
_—C1
s21
Rsw ~  \C2
Vi c2
AW Vin B
-
— R Snle
- Sw _/._ VCn
—_—~=0Cn

Source:the author

Figure 2.5: Clock strategy for the N-Path switching

Source:[4]

switch/capacitor branches). The input source "sees" only one Rj,, (switch resistance) at a time
because only one switch is closed at a time. Therefore, it is possible to put Ry, before the
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branches. This topology is shown in figure 2.6. In order to get the correct behavior, the RC time
constant must be very high (RC >> T,,).

Figure 2.6: 4-Path filter with Ry, before the branches

—_—— C1
82
VX Rsw
) -_—C2
RA e
sS3 -
Vin —_—C(C3
sS4 -
—_—C4
Source: [4]

Any number of paths can be chosen, but the signals at the capacitors are in baseband
and give quadrature and in-phase signals. To use all the branches optimally, the number of paths
is a power of 2. If the number of paths is not a power of 2, some of the capacitors will become
redundant. It is not desired that the number of paths is too low because the sampled waveform in
the capacitors will present too many harmonics. It is also not desired that the number of paths is
too high because this will increase the LO (local oscillator) phase noise requirements.

First is the scenario in which the f; is equal to the input frequency, f. Due to the high
RC time constant, each capacitor will store a small charge value in the first duty cycle. In the
second duty cycle, each capacitor will have the same voltage value in the input as in the first
duty cycle because the f; is equal to the input frequency. Therefore, two equal voltage values
are separated by a switching period, Ts. Thus for f = fi, each capacitor will always have the

same voltage value in its input. After many duty cycles, the voltage in each capacitor will be
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approximately the average voltage of its respective input. Hence the filter accepts frequencies

equal to f;. This operation is presented in figure 2.7.

Figure 2.7: The behavior of the N-Path for f = f;

Vout

Source:[4]

Now the case in which the f; is different from the input frequency. In this case, the input
voltage in the capacitor will have different values in different duty cycles. There will be a positive
voltage in some cycles and a negative one in others. Thus after many duty cycles, the voltage in
each capacitor will be close to zero. Hence, the filter attenuates those frequencies. Figure 2.8
presents the filter’s input signal and the output signal for f = 1.5 f;, that is the frequency with the
highest attenuation. Although other frequencies’ average voltages are not exactly zero, there still

1s attenuation.

Figure 2.8: The behavior of the N-Path for f = 1.5f;
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Source:[4]
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It is possible to notice that the N-Path filter allows frequencies equal to f; and attenuates
frequencies different from f;. Hence changing f; can change the frequencies the N-Path allows,
making it a reconfigurable filter.

However, this operation method prompts a disadvantage. If the input frequency is equal
to a harmonic of f;, the filter will also allow this frequency. The input voltage will be the same in
each switching period or multiple of it. Therefore harmonics of f; also cause the capacitors to
store the charge of the same input voltage in all duty cycles. Thus the N-Path filter also allows
these harmonics. Figure 2.9 displays input and output voltages in the time domain when the input

frequency is equal to a harmonic of f; (in this case f = 3 f;).

Figure 2.9: The behavior of the N-Path for f = 3 f

f = 3f,

Source:[4]

Once the behavior of the N-path is understood, it is possible to infer which frequencies
are accepted and which frequencies are rejected. Figure 2.10 shows the frequency response of
the N-path filter.

Something worth being observed in the N-Path filter is that a frequency shift happens in
tandem with the filtering operation (due to the downconversion of the input signal accomplished
in the low-pass filter). This process will be fundamental in the mixer-1°*" architecture [10].

The equation of a load-less N-path bandwidth (-3dB bandwidth) is presented [4]:

1

BW_34p = ———. 2.1

3B = e (2.1)
Even though equation 2.1 is for a load-less filter, it shows one of the N-path’s benefits: the
bandwidth is independent of f, (central frequency), the quality factor (Q = BWJiCSdB) increases as

f¢ increases.
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Figure 2.10: Theoretical frequency response of the N-path filter
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2.2 MIXER- 157 RECEIVER

Mixer-1*" receivers have as the main feature the absence of a Low-Noise Amplifier
(LNA) before the mixer. With this, when compared to usual superheterodyne receivers, better
linearity is achieved with a slightly higher noise figure (NF). In addition, the spurious-free
dynamic range (SFDR) is improved since it is defined by both the NF and IIP3 (third-order
intercept point) [4].

One of the first instances where the mixer-1*' topology was used was in [11]. An LC
network (used for impedance matching) is connected directly to a double-balanced passive mixer
in the receiver architecture. The main focus of removing the LNA in [11] is to reduce the power
consumption, with application in ultra-low-power 2.4 GHz. The architecture is shown in figure
2.11.

The N-Path filter can be used in the mixer-1°" architecture because the signal if taken
in the capacitors, will be filtered and downconverted before the amplification. One of the first
instances the N-Path filters were used as mixer-1%" was in [12], where a 4-Path works as a
quadrature sampling mixer (QSM) switched by four non-overlapping 25 % duty cycles. The
downconverted and filtered signal is amplified in baseband, and the signal in each capacitor gives

the quadrature and in-phase signals (/+, I—, O+, O—). When compared to sampling mixers,
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Figure 2.11: LNA-less architecture (mixer-1*")

Quadrature VCO

Q
LC Matching ay
| Network N

g |I T Baseband Filters &
!T I Piecewise Log RSSI
5002 ~
I
(X ST
RSST

~
Misers %47_\
\-

XS ST )

N’ |~

HH
\8/

\

Source: adapted from [11]

switching mixers present a much lower NF and conversion loss [12]. Figure 2.12 presents the

architecture.



Figure 2.12: First N-Path mixer-1%
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3 STATE OF THE ART

N-Path and mixer-1* architectures are often treated as a single architecture. As it was
mentioned in chapter 2, mixer-1*" architectures are those in which the mixing operation is done
before the amplification. Most of the mixer-1*" architectures use N-Path techniques because of
their filtering operation along with the mixing operation. Even though N-Path filtering has other
applications, mixer-1*" topologies make better use of the N-Path’s advantages. N-Path that acts
only as a tunable filter (acting as a "traditional filter") is also of interest in state of the art. Those
architectures focus on making the frequency reconfigurability wider, sometimes with a tunable
band. Mixer-1*" receivers that are not N-Path can be implemented but are not of particular interest

in state-of-the-art.

3.1 N-PATH MIXER-157 WITH IMPROVED NF

As mentioned before, N-Path mixer-1* architectures have the advantage of having
very high linearity and noise slightly higher than the architecture of the usual superheterodyne
receivers. However, there is a focus on improving the noise even more. Recent works found room
for improvement, relaxing the trade-off between linearity and noise.

One of the first attempts to mitigate the noise in the mixer-first was presented in [13].
It also aims to avoid voltage gain at blocker frequencies and to achieve it without SAW filters.
So the most significant challenge addressed in [13] is the design of an architecture that presents
competitive NF, achieved by a significant voltage amplification, without conventional SAW
filters and tuned LNA. The architecture is presented in figure 3.1. The noise cancellation is
achieved using two downconversion paths. Since the author aims to remove SAW filters from the
architecture, N-Path was used. Using N-Path, it was possible to achieve: two downconversion
paths and baseband filtering before the noise cancellation process. The voltage gain of blocker
frequencies was avoided, and the trade-off between NF and OOB linearity was relaxed due to
the baseband filtering before the noise cancellation. It operated with an RF frequency between
80 MHz and 2.7 GHz with a 72 dB gain. The architecture achieves an NF of 1.9 dB at 2 GHz
and presents a noise degradation in the presence of a 0 dBm blocker of 4.1 dB. In terms of OOB
rejection, it achieved 42 dB and 45 dB rejection for the 3" and 5 harmonic, respectively. An
OOB-IIP3 of 13.5 dB is achieved in a 40 nm CMOS technology.

The most recent works use TIA (transimpedance amplifier) for noise-canceling. The
work in [14] uses a second-order noise-canceling technique. A TIA in baseband, in which each
of the parameters of interest in mixer-1*" architectures are controlled separately (Z;,, NF, IB-1IP3,
OOB-IIP3, and power consumption), is used. Figure 3.2 shows the feedback amplifier topology.
The noise requirement depends on g,,» and g,,4, the input matching depends on g,,1, and the bias

currents need to be checked in order to observe if it attends the power consumption requirement.
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Figure 3.1: Noise cancellation achieved using two downconversion N-Path filters

by | @)
J L =
= F o® (ﬂ[%:

B L)

Source:[13]

o
o

If the linearity, IB (in-band) and OOB, is not attended, a linearization technique is necessary for
gm2. The components R,, C| and C; control the bandwidth. Implemented in 180 nm CMOS,
it achieves an NF between 3.4 dB and 4 dB, IB-IIP3 of 14 dBm, OOB-IIP3 from 25 dBm to
39.8 dBm, and power consumption between 45 mW and 135 mW. With a frequency range of
0.2-1.2 GHz and baseband bandwidth of 18 MHz.

Figure 3.2: Feedback amplifier used for noise cancellation
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Source: adapted from [14]

The work in [15] also uses a noise-canceling technique with TIA, but it uses it in a
first-order inverter configuration, a more simple approach when compared to [14]. Due to its low
complexity, it was only possible to improve the in-band linearity. It focuses on an application

with a substantial bandwidth (175 MHz). Many signals are present in the band of interest in those
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situations, and IB linearity is a key parameter. The receiver presented in [15] can be used in a
full-duplex receiver with a self-interference cancellation and in MIMO (multiple input multiple
output) applications due to its high IB linearity and large bandwidth. The receiver operates with
two amplifier paths for noise-cancellation: the main path with one amplifier; an auxiliary path
with an amplifier, and a low-noise transconductance amplifier (LNTA). The high linearity is
achieved with a virtual ground between the input of the amplifiers and the LNTA. Input matching
is achieved with a resistor before the amplifier in the main path. This architecture presents 9dBm
IB-IIP3, NF between 2.5 dB and 5 dB, with a central frequency varying from 1 GHz to 6 GHz in
a 28 nm technology.

In [16] it is aimed to enhance the linearity and suppress OOB blockers. In comparison
with [15] and [14] it presents a low power consumption (17.2 mW). The feedback amplifier is
present in each of the paths of the 4-Path filter, as can be observed in figure 3.3. The authors
in [16] improve the LO phase noise to improve the linearity of the receiver as a whole. The
feedback amplifiers and their components are chosen to achieve a Butterworth response with
Q = 0.7. This work has the advantage of embedding the feedback amplifier presented in any
mixer-1% receiver. The architecture achieves NF of 3.1 dB, with degradation of only 0.9 dB in
the presence of a 0 dBm blocker; I1IP3 of 27 dBm; B1dB of 13 dBm.

3.2 N-PATH MIXER-15" WITH FOCUS ON 8-PATH MIXING

Some works have a focus on using 8-path mixing, which for a long time was not used
because it needs a 12.5 % duty cycle clock. Due to the need of flat gain and phase until the
5" harmonic, 12.5 % is very hard to achieve in high frequencies [17]. Hence, applications in
high RF and mm-Wave focused mainly of 4-Path mixing. But 8-path mixing has the advantage
of reducing harmonic reradiation (even eliminating some of the harmonics) [3], a wider input
impedance matching [17] and reducing noise folding [18].

In [17] the author makes use of an overlapping suppression technique in the LO. With
that, it is possible to use a duty cycle of 25 %, reducing the requirements of the LO in high
frequencies. Furthermore, the work puts interleaved inductors that reduce the 1B loss due to clock
overlapping, as demonstrated in [19]. The work divides the 8-Path mixer into two 4-Path sub
mixers, fed by a 25 % duty cycle. The sub mixers will present a voltage difference, which will
induce a current flow. The inductors are seen in series between the mixers and, in this situation,
present a high impedance, reducing the LO current leakage associated with the clock overlapping.
Implemented in 45 nm SOI (silicon-on-insulator) technology, and thanks to the 8-path mixing,
an operation from 3.7 GHz to 6.5 GHz is achieved. The architecture’s NF is between 2.4 dB and
4.7 dB, and the OOB-IIP3 of 28 dBm. The power consumption is between 89 mW and 135 mW.

In the research presented in [18] it is applied a leakage suppression in the LO to reduce
the mismatch between the signals and the LO buffer. LO leakage suppression is achieved with a

wide band impedance match using a DAC (digital-to-analog converter). Each pair of paths in
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Figure 3.3: N-Path filter with feedback amplifiers
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the N-Path filter presents a DAC. The LO leakage results from mismatches between the mixers
and the buffers of the LO. It is possible to minimize it with the DACs, which have 5-bits and
fine-tunes the size of the circuit devices. It achieves an NF between 2.4 dB and 2.6 dB, improved
due to the noise folding reduction that 8-path mixing brings, and operates between 400 MHz and

3.5 GHz. The architecture can suppress down below -62 dBm and presents harmonics rejection
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of 47 dB and 51 dB for the 3¢ and 5" harmonics, respectively. It operates with an RF frequency
between 400 MHz and 3.5 GHz, with a bandwidth between 15 MHz and 50 MHz.

3.3 N-PATH MIXER-157 WITH ENHANCED OUT-OF-BAND REJECTION AND IM-
PROVED SELECTIVITY

Other works improve the OOB rejection with enhanced selectivity. For example, [20]
puts an impedance of 40 dB/decade roll-off in the output of the mixer-1*, in opposition to the
usual shunt RC impedance that brings a 20 dB/decade roll-off. A second-order transfer function
is needed in order to achieve this objective. The author achieves the transfer function using a
parallel combination of negative capacitance and negative resistance. The negative capacitance
and resistance are synthesized using an amplifier with positive feedback and cross-coupled
transistors as the amplifier’s load. The zeros in the output transfer function limit the frequency
up to which the 40 dB/decade is achieved. A trade-off between the zero’s frequency and power
consumption proceeds. The choice for the zero in the transfer function must be carefully taken. If
it is too high, it can lead the circuit to instability. The work achieves 33.3 dBm of OOB-IIP3 and
a 1 dB blocker compression (B1dB) of 12 dBm for an 18 MHz bandwidth and central frequency
varying from 200 MHz to 2 GHz. Presenting an NF between 4.3 dB and 7.6 dB, with degradation
for a 0 dBm blocker of less than 2 dB.

The authors in [21] aim to enhance the selectivity and similarly use an amplifier with
positive and negative feedback, both paths with capacitances. The architecture is presented in
figure 3.4. The positive feedback path works as a "blocking bypassing path," while the negative
feedback path gives a better blocker rejection. Both the feedback paths synthesize a pole pair
in the input of the baseband amplifier, and those poles are upconverted to RF. The poles on
RF reduce distortion and present a better roll-off in the filter. In order to improve the system
selectivity and linearity, the circuit also presents a sixth-order bandpass filter, achieved cascading
N-Path filters coupled with transconductance amplifiers. The positive feedback in those amplifiers
achieves a good frequency range, improved linearity, and a competitive NF (less than 3 dB). It
presents a high dynamic range from 200 MHz to 8 GHz, with a 39 dBm OOB-IIP3 and B1dB of
12 dBm for 10 MHz bandwidth. Achieving NF between 2.3 dB and 5.4 dB, with degradation of
2.2 dB for a 0 dBm blocker and 7.1 dB for an 8 dBm blocker.

3.4 N-PATH AS A TRADITIONAL FILTER

Some works do not make use of the N-Path in a mixer-1* topology. For example,
[22] uses a gain-boosting technique and the low-noise amplification before the commutation,
which improves the NF. The system is presented in figure 3.5. The capacitors are exchanged by
transistors and driven by a 50 % duty-cycle signal used for boosting. The amplification is achieved
by sampling the input signal in a MOS (Metal-Oxide-Semiconductor) transistor operating as a

capacitor with high capacitance. The input is disconnected, and the value is kept constant. The
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Figure 3.4: Amplifier with negative and positive feedback
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voltage in the MOS source increases in the next duty cycle, and its capacitance decreases. The
charge is kept constant due to the charge conservation principle, so the voltage in the gate has
to increase. With that, the signal was amplified by Cp;gs/Cio. This amplification technique
is known as a discrete-time parametric amplifier (DTPA). DTPAs add noise to the system, but
this is counterbalanced with amplification before the commutation. The architecture’s technique
reduces the NF by about 2.2 dB, achieving a final NF from 2.97 dB to 4.08 dB. The IB-1IP3 is
0.3 dBm and the OB-IIP3 10 dBm. This system operates from 0.05 GHz to 0.4 GHz, and its
quality factor is between 4 and 8.

3.5 STATE OF THE ART COMPARISON

With the works in state of the art presented, it is necessary to compare them. 3.1 shows
a qualitative comparison. As was mentioned before, different works focus on different points,
but looking at table 3.1, it is possible to notice that none of the works focus on 1/f noise. This
is mainly because all the works presented are zero-IF architectures. This work has the main

objective of implementing the N-Path mixer-1*" in a low-IF architecture, mitigating the 1/f noise.
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Figure 3.5: a) N-Path with gain boosting technique b) clock strategy
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Table 3.1: Comparison between the works in the state of the art
[13] | [14] | [15] | [16] | [17] | [18] | [20] | [21] | [22]
Improved linearity v VAR EVAVE RVAVEIIED ¢ v X | VvV | X
Reduced 1/f noise X X X X X X X X X
Improved NF VA VAR EVAVAI NS v v X v v
Low Power consumption v v X | VvV | V v X v X
Improved selectivity X X X X |(VV | vV IvV I ivVv/| X
Improved out-of-band rejection | X X X VA EVANE VAV EVEAVEI IS X
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4 DEVELOPMENT AND IMPLEMENTATION OF THE N-PATH MIXER-157 ARCHI-
TECTURE

4.1 TOPOLOGY OF THE N-PATH MIXER-15" ARCHITECTURE

The topology used in this work is based on [3]. Figure 4.1 presents the architecture
developed in [3], it is an N-Path mixer-1* that can operate in 4-Path and 8-Path mode. The signal
is amplified in baseband, and the impedance matching is achieved with the feedback loop in the
baseband amplifiers. In this work, there will be a focus only on the 4-path operation. Figure 4.2

shows the clock strategy (fy = 1 GHz example).

Figure 4.1: N-Path mixer-1*" schematic
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This work takes the idea presented in [3] of a tunable impedance matching and uses it to
center the input impedance in a new intermediate frequency, fir, to achieve a low-IF receiver. In
[3] the impedance is tuned in the switching frequency.

It is desired that f;r and the bandwidth are variable. Hence variable resistors and

capacitors are also implemented. Deriving out an LTI (linear time-invariant) model presented in
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Figure 4.2: Clock strategy for 4-path operation
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[3] analytical equations are deduced in this work. The values of resistors and capacitors for fjr
and bandwidths will be obtained from those equations.

Figure 4.3 presents a block diagram of the architecture. The first block is an N-Path
filter, in which four squared voltage signals with approximately 25 % duty cycle that never overlap
feed the architecture. The input signal is a power source in RF frequency. The output is four
signals in baseband that can be processed as quadrature and in-phase. In this block, a capacitor
C can be controlled, and with it, the bandwidth of the system is controlled. System’s parameters
are also present in this block: Ry, is the switches’ resistance, y is a constant, and R;,» 1s an input
impedance value that will provide the bandwidth.

The second block is the feedback amplifiers, in which the outputs of the first block are
inserted. In this block, VI+, VI—, VO+, and VQ- are fed back. Hence in the second block,
the outputs and the inputs are the same. The resistors Rrg and Rp; are controlled. Although
Rrg interferes, Rr; mostly controls f;r and Rrg mainly controls the input resistance at fir

(Rin @ f7r). The system’s parameter in this block is the voltage gain, A.

4.2 IMPEDANCE ANALYSIS

To understand the impedance in this architecture first is helpful to observe a simplified
4-Path (like the one shown in figure 2.3) with a resistor, R, representing the load. This simplified

model is presented in figure 4.4.
A LTT analysis for the circuit presented in 4.4 was conducted in [1]. The LTI model

is only valid for f;, = f;. Because the capacitor’s voltage will present a frequency equal to
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Figure 4.3: Block diagram of the architecture presented in this work
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Figure 4.4: Simplified model of the N-Path mixer-1* architecture
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fin — fs,» and when both frequencies are equal, the capacitor becomes an open circuit. The model
is presented in figure 4.5. It is possible to observe that the input resistance (R;,,) can be altered

when Rp is altered.
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Figure 4.5: LTI circuit for the N-Path mixer-1%7
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In figure 4.5, V;, is the input voltage, R4 the antenna resistance and the input resistance
is defined as:
Rin = Ry + VRBHRsh’ 4.1)

where Rj,, 1s the switch resistance, R, is defined as the shunt resistance:

4
Rgh = —2—(Ry + Ra), 4.2)
1 -4y
and vy is
2
y==. (4.3)
T

It is desired to amplify the signal from each of the capacitors, so the load Rp is exchanged
for a baseband amplifier with a feedback loop, as shown in figure 4.6. The resistor Rp in figure
4.5 will be represented by the amplifier’s input impedance (R, amp). And R;p amp can be defined
as:

RFR
Rp = Rin,amp = m’ 4.4)

hence the input resistance of the amplifier can be controlled by altering Rrg, and the input
resistance of the N-Path mixer-1*’ can be controlled by altering the input resistance of the
amplifier.

However, as it can be seen in equation 4.1, the input resistance can only assume real
values. With this topology is not possible to match an imaginary impedance in the antenna (Z4)
without adding extra inductors and capacitors. Those components are avoided because of the
surface occupied by those components; a tunable impedance matching is desired. Therefore, the
solution presented in [3] is a complex feedback that takes the output of one amplifier and puts it

in the input of the other, as shown in figure 4.7.
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Figure 4.6: Schematic of the amplifier with feedback
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Figure 4.7: Schematic of the complex feedback
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Figure 4.7 presents two feedback loops: positive imaginary (that will give a positive
value in the input reactance) and negative imaginary (that will give a negative value in the input

reactance). The value of the Zp impedance is given as [3] (only for f; = fi,):

-1
(1+A 1) jA] ’ @.5)

Zp = + +
Rrr  Rpr RF;

this changes the input resistance from equation 4.1 to an input impedance:

Zin = st + yzBlleh- (46)
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4.3 COMPLEX INPUT IMPEDANCE N-PATH MIXER-157 ANALYTIC EQUATION DE-
DUCTION

This work aims to take the LTI model presented in [3], only valid for f;, = f;, and
deduce equations valid in the whole spectrum. The equation presented in 4.5 represents the
load impedance, but only in f;. In order to obtain the impedance value throughout the whole
frequency spectrum, it is necessary to consider the impedance of the capacitor from each one of

the paths in parallel with the Zz impedance. Hence a new impedance, Z,, is defined:
Zy(w) = Zpl|(joCp) ™. (4.7)

w in this case is the baseband frequency, that is 27| f;, — f;|. Replacing 4.5 in 4.7:

, 1+A 1 Al
Zy(w) = + ] ‘wCr)™L. (4.8)
p(w) (RFR Rn) JRFI] [(jwCL)
Manipulating equation 4.8:
/ 'wC
Z(w) = / +AL . (4.9)
T+ jwrCe [(RFR +25) iJRT,]

From figure 4.5 (having in mind that R, is replaced by Z4, and Rjp is replaced by Z B)
Zin(w) = Row +yZ(w)|| R, (4.10)

replacing 4.2 and 4.9 in 4.10:

47(st + RA)

[(1 —4y)+4(Ry, + Ra) (};ﬁ IFI)] ny [4(st +Ry) (a)CL + RAFI)] '
@11

In order to achieve a equation in the formof a+ b -i = ¢ +d - i, equation 4.11 is manipulated:

Zm(w) = Ry +

Zo@) — Ry |(1=49) 4R+ ROGEA + )| = [4(Row + Ra) (wCL + |
4y(Row + Ry) [(

b

— 4y) + 4(Ry, + Ra) (}e‘;ﬁ RIFI)]Z + [4(RSW +Ra) (a)CL + Rim)]z
(4.12)

this way, an equation that describes the behavior of the input impedance throughout the whole
frequency spectrum is obtained. Cr, Rr; and Rrg will be obtained, equalizing the real part of
the left-hand side with the real part of the right-hand side, and the same for the imaginary part.
It can be observed in equation 4.12 that three variables can be set in the project (Cr,

Rr; and Rpg). Hence, three points in the frequency spectrum can be set. The first two will be

used in the impedance matching (Z;;,) for f;r (this will be the best impedance matching). Two
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points are used because there are a real and an imaginary part. The last point (R;;2) will be used

to set the real part of another frequency, defining the bandwidth.

4.4 PROJECT SPECIFICATIONS

Before showing how the topologies for reconfigurable components are implemented,
this section aims to present the specifications for which the architecture will operate. Table 4.1
shows all the bandwidths, f;, and f7r in which the system operates. Figure 4.8 shows qualitatively
each of the frequencies presented in table 4.1. The input impedance is centered around the f5.
The best input impedance matching is in f;r. The difference between f7r and a second frequency

(whose input impedance matching is R;,2) is the bandwidth.

Table 4.1: Bandwidths, central frequencies and intermediate frequencies

fs BW fir fir2 fir3 fira
1GHz | 1.25MHz | 1.25MHz | 2.5 MHz | 5 MHz | 10 MHz
1GHz | 25MHz | 25MHz | 5MHz | 10 MHz
1 GHz 5 MHz 5 MHz 10 MHz
1GHz | 10 MHz 10 MHz
2GHz | 1.25MHz | 1.25MHz | 2.5 MHz | 5 MHz | 10 MHz
2GHz | 25MHz | 2.5 MHz 5MHz | 10 MHz
2 GHz 5 MHz 5 MHz 10 MHz
2GHz | 10 MHz 10 MHz

Figure 4.8: Qualitative representation of the frequencies used in the project

Rin

Rin2

RG(Z."”)(Q)

Rsw
fs flIF fIF+BW

Frequéncia (Hz)

Source: the author



38

4.4.1 Obtaining the secondary parameters

Before continuing with the project specifications, it is essential to obtain some parameters

for the equations presented in section 4.3.

4.4.1.1 Obtaining Ry,

The switch resistance, Ry,,, will be obtained using the PSP simulation. In this simulation,
R;,, 1s achieved in an operation closer to reality (switching the filter with an AC input). Ry,
will not only be dependent on the N-Path filter switch but also on the switches that will do
the capacitance variation operation. Hence it will be possible to reach an "effective Ry,,." PSP
simulation can provide the input resistance of the whole architecture. As it can be seen in
equation 4.11 the more w;r increases (gets further away from the 50 Q frequency), the closer
Zin gets to Ry,,. This can also be observed in figure 4.4, for high frequencies, the capacitor C,
presents low impedance. Therefore Rp becomes negligible, and Ry, prevails. Hence Ry, can be
obtained by looking at the R;,, graph (obtained with the real part of the Z11 parameter from the
PSP simulation) in a frequency far enough from f;r, where the aimed resistance is 50 €2, shown
in figure 4.9. This figure is an example of the input resistance obtained from the architecture.
fs1s 1 GHz, fir is 5 MHz, and the bandwidth SMHz. This curve will be discussed in greater
detail in chapter 5. For now, the main focus of this curve is to show how to obtain Ry, from a

frequency far from f.

Figure 4.9: Obtaining Ry, from the input resistance (R;) graph
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4.4.1.2 R;,;» selection

As mentioned in subsection 4.4.2, it is possible to choose two frequencies and assign
different impedance values to both of them. The first frequency will be the f;r, and the selection
of the impedance for this frequency is straightforward: Z;, = 50 + j - 0 Q, as the best impedance
matching is desired for this frequency. The selection of the impedance of the second frequency,
Zin2, 1s not so obvious. As mentioned before, the second frequency will be related to the system’s
bandwidth. As seen in section 4.4.2, two variables are used to set the real part and imaginary
part of the input impedance for f;r. Only one variable is left for Z;,». Hence, only the real part
of Z;» will be set, represented as R;,».

Bandwidth is when the maximal signal’s amplitude decays to half of its more significant
value (-3 dB), so the frequency to which the output signal falls to half of its larger amplitude is
observed, and the input resistance for this frequency is taken; this resistance will be R;,». This
can be done because if the baseband amplifier is wideband enough, the bandwidth of the signal
is defined only by the N-Path filter, and it can be described as the LTI model presented in figure
4.5. Tt is important to clarify that any value between Rj,, and Re(Z;,) can be chosen for R;;», the
technique presented for R;,» selection is just a methodology for this architecture. This operation
is shown in figure 4.10, for f;r =5 MHz and f_343 = 10 MHz. The input impedance graph
is centered around f; (in this case, fy = 1 GHz), and the voltage gain is centered around O Hz.

Those graphs will be discussed in further detail in chapter 5.

Figure 4.10: Frequency selection for R;,,»
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4.4.2 Selection of Cr, Rrr and Rp;

Looking at equation 4.12 it is possible to notice that three components can be altered:
Cr, Rrr, Rr;. The work presented in [3] is centered around f;. In this work a new central
frequency is chosen. This new central frequency will be the f;r of the low-IF architecture [7].
f1r will be a shift in the architecture’s input resistance, concerning the previous central frequency,

defined as f;. Figure 4.11 represents the shift in the input resistance of the architecture.

Figure 4.11: Shift from f; (previous central frequency) to frr (new central frequency)
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Source: the author

f1r will present the best impedance matching. In equation 4.12 f;r is a configurable
project parameter. Thus it is possible to shift the impedance matching of the architecture to any
frequency. To this frequency, the impedance Z;,, = R;;, + j - 0€ is assigned, in most of the cases
R;, will be 50Q2. Hence for w;r (angular representation of f;r), two parameters are defined:
Re(Z;,) and Im(Z;;,). Thus, two of the project components will be used.

Taking the imaginary part for equation 4.12:

fot oo )

Rrr  Rr1

1t vt 0 i )+ o )

it is possible to notice that equation 4.13 will be zero when the numerator is zero and the
denominator is non-zero. The denominator will never be zero because y, Ry, R4, A, Rrpg and

Rpy are all positives. Thus the denominator will always be positive. Hence:

A
4(st + RA) (U)]FCL + —) = O, (414)
Ry
SO: s
Rpj = ———. (4.15)
wirCr

wrF can be negative and, in this case, must be negative. If w;r was positive, the complex feedback

topology should be changed (as shown in figure 4.7).
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Now looking at the real part:

1+A 1
[(1 B 4)/) + 4Ry + RA) (R:R RF’)] _ Re(zin) - Ry
2 27 4y(Rgy + Rp)’
(1 —4)/)+4(RSW+RA) (%+R—F’)] [4(RSW+RA) (CL)]FCL"‘RF,)] Y( ’ A)
(4.16)
using
Re(Zin) = Rip, (4.17)
A
Rpy = "oy (4.18)
and isolating Rpg:
47(RSW+RA) _ (1 _ 4 -1
o ) C
Rpg = (1+A) | ot LrreL (4.19)

+
4(st + RA) A

One can observe that in both 4.18 and 4.19, the parameters depend on Cj, which is
not yet defined nor will be arbitrary. Hence a second frequency value can be chosen, and the
real part of the impedance (Z;;,») can be set in this frequency. Herewith, it is possible to control
the bandwidth of the architecture. Thus looking at the real part of the input impedance for a

second frequency value, w,, = wyr + 2rBW, for which a second value of the real part of the

IF
input impedance will be set, Re(Z;;2) = Rino:

1+A 1
[(1 _47)+4(st+RA) (R:R RF’)] _ Rina — Rsw

2 4y(Ryy + Rp)’
(1 —4y) +4(Ryy + Ry) (ﬁ - R—“)] - [4(st +Ry) ((a)]]:‘ +2nBW)Cp + Ri“)] ¥(Row + Ra)

(4.20)

replacing 4.18 and 4.19 in 4.20:
1 1
7 Rin _st Rin_st B Rin—st 2
C; = \/( 2 )( ) ( ) . 421

2nBW

The process for calculating the components Cy, Rpr and Ry start with the systems
parameters for this architecture shown in table 4.2. The project starts with choosing f, bandwidth,
and f;r with those parameters. Once the parameter of the project and the system’s parameters
are known, Cy, is calculated with equation 4.21. With C, equation 4.18 is used to calculate Rp;.

The last parameter, Rrg, is obtained with equation 4.19.
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Table 4.2: System’s parameters

R, | 26Q
Ris | 50Q
-
A | 100
R | 32Q

4.5 TOPOLOGIES FOR RECONFIGURABLE RESISTORS AND CAPACITORS

The variable components used in this work are mainly controlled by switches that turn

branches on and off. Each one of the components has its particularities.

4.5.1 Variable resistor
4.5.1.1 Rpgr

The Rpr component is the one whose value is the least variable, it does not depend on

4y(Rsw+R 4)
DAl (1-4y)

4(RSW+RA)
of the f;r, is much larger than ‘”’+FL, dependent of f;r. Thus the component Rrg varies very

the bandwidth, and it depends very little on f;r. In equation 4.19

, independent

little with changes in f;r. Due to its small variability, only three values were chosen, and the
architecture is presented in figure 4.12. It is a topology that turns branches of resistors on and off,
where each branch is better adapted for each operation mode.

The switches used for this topology aim to have very low parasitic capacitances, even if
it degrades Rj,,. Because in comparison with the values of the resistors, Ry, is much smaller.
At the same time, a large parasitic capacitance can interfere with the N-Path filter’s behavior
because this switch will be connected to the output capacitor. The switch was implemented with
an NMOS (N-type metal-oxide-semiconductor field-effect transistors) in 28 nm technology. The

transistor presents one finger with 20 ym width and 30 nm length.

Figure 4.12: Architecture of the variable Rpg
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4.5.1.2 Rpp

The architecture used for Rp; is very similar to the one used with Rrg. Different from
equation 4.19, that defines Rrg, equation 4.18 depends mainly on f;r and also depends on the
bandwidth (because it depends on Cy ). Hence Rr; changes a lot with the f;r. Due to its broad
range, four branches are implemented, each one to a specific f;r. Multiple branches can be
turned on if there is some mismatch in the nominal values of the resistor. The schematic is
presented in figure 4.13.

Similarly to Rgg, and for the same reasons, the switch used for this topology also aims

to have a low capacitance. Hence the same switch used for Rrg is used for Rp;.

Figure 4.13: Architecture of the variable Rp;
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Source: the author

4.5.2 Variable CL

The architecture used for Cy, is similar to the previous ones, but some parameters need to
be carefully examined. It will also be an architecture in which branches will be turned on and off,
but the switches will need to present a low Ry, even if it affects the capacitance. This happens
because this is where the sample will be stored and be connected to the amplifier. Furthermore,
the theoretical model of the N-Path filter does not take into account a resistor in series with
the capacitor in the amplifier’s input. Hence having a resistance, even if it is small, can cause
significant mismatches in the architecture’s response. However, the switch capacitance does
not need to be as low as the previous one. Because it will not switch very fast, and having a
capacitance in the input of the amplifier is already predicted by the theoretical model (as long as
it does not change the predicted capacitance a lot). The schematic of the variable capacitor is
presented in figure 4.14.

The switch was implemented with an NMOS transistor in 28 nm technology that presents

32 fingers with 35 ym width and 30 nm length each.
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Figure 4.14: Architecture of the variable Cp,
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4.6 COMPLETE ARCHITECTURE IMPLEMENTATION

The complete circuit topology is presented at figure 4.15. The N-Path filter from figure
4.4 has its resistors exchanged by the complex feedback amplifiers presented in figure 4.7. The
variable resistor and capacitors presented in figure 4.14, 4.12 and 4.13 are implemented instead
of Cr, Rrg and Rpy, respectively. The resistors, used in Rrg and Ry, and the capacitor, used in
C|, are implemented from the 28 nm technology.

The N-Path’s switches, driven by f;, were implemented with NMOS transistors that aim
to have low Rj,, and low capacitance. The low Ry, is because it is desired that most of the voltage
is in the capacitor. At the same time, the low capacitance is because it switches with a frequency
in the GHz order. Therefore, an NMOS switch was implemented in the 28 nm technology with
one finger with 20 ym width and 30 nm length to balance those parameters.

The amplifier is the only component not to be implemented at the circuit level. An ideal
voltage-controlled voltage source is used instead. The square waves are implemented with an
ideal voltage pulse source. In each pulse source, a delay is implemented to close one switch at
a time. The square wave presents a duty cycle of approximately 25 %. The duty cycle is a bit

smaller than 25 % to guarantee that two switches will never be closed simultaneously.

4.7 SIMULATION METHODS

4.7.1 Transient simulation

The transient simulation consists of a time-variant input signal, taking all the time
variations into account. Therefore, the circuit response is also a function of time. However,
unlike the periodic simulations, a steady-state is not necessary, so it is possible to understand the

system’s intrinsic behavior.
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Figure 4.15: Complete architecture schematic
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With the transient simulation, it will be possible to observe curves that were important
to the theoretical analysis of the N-Path filter, like 2.7 and 2.8. The testbench of this simulation is
presented in figure 4.16. The input is a time-varying voltage source with a fixed frequency and
1 mV amplitude. The output is taken in the V, node. In this node, it will be possible to observe
the voltage in each of the capacitors when its respective switch is on.

Two simulations will be conducted with two different frequencies. One of the frequencies
will be a frequency that the filter accepts and the other one that the filter rejects. The result will
be taken in the Vy node from the architecture in figure 4.15, so it will be in RF.

The main objective of this simulation is to validate the architecture qualitatively.
For example, comparing the simulated curves with the theoretical curves that were key to
understanding the behavior of the N-Path mixer-1°" architecture. However, it is also possible to
observe the rejection between an accepted frequency and a rejected frequency in this simulation.
However, it is only possible to observe the rejection for two previously set frequencies. Therefore,
a PAC simulation is more recommended if desired to obtain the rejection throughout the whole

frequency spectrum.
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Figure 4.16: Transient simulation testbench
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4.7.2 AC simulation

AC (alternate current) simulation consists of observing the circuit’s behavior for different
frequency values in the input. This way, it is possible to observe how the circuit operates in the
whole spectrum. A pure AC simulation can not be used in this architecture due to the time-variant

nature of the system. A simulation that takes into account the time variance will be needed.

4.7.3 PSS (Periodic Steady State) simulation

The idea of a PSS simulation is to find a periodic steady-state using numerical integration
until the response o the system becomes periodic [23]. Knowing the input signal frequency
brings an advantage to circuits simulation, reducing the simulation time [24].

With the PSS, time-varying systems can be analyzed, and simulations similar to those
operated for non-time varying systems can be operated. No result will be obtained from the
PSS simulation, but this simulation is necessary to run PAC (Periodic AC) and PSP (Periodic
S-Parameter) simulations.

The schematic that will be used both for the PAC and PSP simulations is presented in
figure 4.17. The input is a power source of -40 dBm.
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Figure 4.17: PSS simulation testbench
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4.7.3.1 PSP simulation

PSP is an SP (S-Parameter) simulation with a PSS simulation. The PSP simulation
reveals the system’s S (scattering) parameters and the Z-parameters (impedance parameters) in
a time-varying system. In this simulation the input impedance is provided (R;, in figure 4.17)
with the real part of the Z11 Z-parameter. The input impedance is of particular interest to this
work because it is the parameter for which an equation was deduced. Hence, the equation will be

validated for the whole frequency spectrum.

4.7.3.2 PAC simulation

PAC simulation is an AC simulation operated with the PSS simulation. This can bring
to light the system’s behavior in the frequency domain in time-variant systems. Moreover, it is
possible to observe the frequency behavior in multiple harmonics.

The PAC simulation will provide the whole frequency spectrum. The output voltage
will be obtained between the nodes V I+ and V- in figure 4.17. It will be possible to observe the
whole spectrum and the filter’s rejection in all the frequencies. It will also be possible to observe
the signal in baseband, because nodes VI+, VI—, VO+ and VQ—, in figure 4.15, are equivalent
to the nodes V1, V3, Vo and Vg, in figure 2.4, respectively. The voltage obtained in the PAC
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simulation will also be compared to the input resistance obtained with the PSP simulation, and

verifying if the resistance R;,» corresponds to that frequency in which the rejection is 3 dB.
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S RESULTS AND DISCUSSION

Chapter 4 derived the expressions from calculating the components for the required
transfer function. Table 5.1 shows the values of bandwidth and f;r that were previously calculated
with those equations (as in the specifications in table 4.1). Those values only have one of each
component turned on. The topologies of variable Cy, Rr; and Rrg were shown in figures 4.14,

4.13 and 4.12 respectively.

Table 5.1: Bandwidth and central frequency for Cr, Rr; and Rpg

Scu | Scuy | Scus | Scua | SRen | SRern | SReis | SRea | SReri | SRewy | SRegs BW JiF
1 0 0 0 1 0 0 0 1 0 0 1.25 MHz | 1.25 MHz
1 0 0 0 0 1 0 0 1 0 0 1.25MHz | 2.5 MHz
1 0 0 0 0 0 1 0 0 1 0 1.25 MHz 5 MHz
1 0 0 0 0 0 0 1 0 0 1 1.25 MHz 10 MHz
0 1 0 0 1 0 0 0 1 0 0 2.5MHz | 2.5 MHz
0 1 0 0 0 1 0 0 1 0 0 2.5 MHz 5 MHz
0 1 0 0 0 0 1 0 0 1 0 2.5 MHz 10 MHz
0 0 1 0 1 0 0 0 1 0 0 5 MHz 5 MHz
0 0 1 0 0 1 0 0 1 0 0 5 MHz 10 MHz
0 0 0 1 1 0 0 0 1 0 0 10 MHz 10 MHz

As it can be noticed in table 5.1, the following bandwidths were aimed: 1.25 MHz,
2.5 MHz, 5 MHz, and 10 MHz. Through equation 4.21 the capacitors C; were calculated, being
directly proportional to the filters’ bandwidth. Therefore, the capacitors double per bandwidth
mode. Regarding the switching structure of figure 4.14, the control is done by four binary digits.

A similar process is operated for the resistors. First, Rpy is calculated. It is important to
note that to calculate this component it is necessary to have the Cy, value (see equation 4.18).
So for each one of the capacitors, different values of Rp; are calculated for different f;r. The
chosen values of f;r and bandwidth were shown in table 4.1.

Rpg is the value that changes the less, and three values were chosen to get the best
impedance matching in f;r. Table 5.2 shows the values of each component.

Although it is not shown in table 5.1, multiple components can be turned on at once.
The capacitors can provide 15 values of bandwidth (2* — 1, because the situation where all
capacitors are turned off is not used). The Ry resistor can provide 16 intermediate frequencies
for each bandwidth (the situation where all resistors are turned off can be used and gives f7F=0).
The Rpg resistor will only give the best impedance matching in each f;r.

The first simulation with the circuit implementation (except for the amplifier) of the
architecture will be transient. Thus, it is possible to observe the architecture behavior in the time
domain (shown theoretically in figure 2.7 and 2.8). Figure 5.1 a) presents a 1GHz frequency in
the input, while 5.1 b) presents a 1.01 GHz. It is possible to notice that 1 GHz is accepted by the

filter, while 1.01 GHz frequency is rejected. It is also possible to observe the voltage stored in



Table 5.2: Components used in the architecture

CLl 1.87 nF
Cro | 933 pF
Ci3 | 467 pF
Crs | 233 pF
Rrr1 | 20105 Q
Rrra | 22040 Q
Rrr3 | 25290 Q
Rrppp | 6800 Q
Rrpp | 3390 Q
Rrppz | 1690 Q
Rrpa | 835Q
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each of the capacitors after many duty cycles. In this simulation, the filter presents a f;r =0,
fs=1 GHz, and a bandwidth of 1.25 MHz. The rejection is about 10 dB.

Figure 5.1: Transient simulation for a a) accepted frequency and a b) rejected frequency
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5.1 N-PATH EQUATIONS VALIDATION

9.01e-06

The first test is the validation of the equations deduced in chapter 4. In each simulation,

two situations are taken into account: one with the circuit level architecture and the other with

the theoretical equations. The first simulation takes the minimal bandwidth and the minimal

intermediate frequency, and it is presented in figure 5.2. The second simulation takes the opposite

case, with the maximum bandwidth and maximum f;r, and it is presented in figure 5.3. It

is possible to observe that both the curves have approximately the same behavior. When the
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frequency gets further away from f7r, both curves tend to have the same value (Rj,,). The point
that was chosen as R;;», 32 Q in this case, is the same in both curves. In f;r lies the largest
mismatch, but, as expected, the frequency presents the best impedance matching in both curves.
Those mismatches are mainly because real technology components have imperfections, such as
parasitic resistances and capacitances. The parasitic resistance of the switch from the variable Cy,
has the biggest impact. Bandwidth and f;r values are as expected in calculations. In both tests,
no fine-tuning was made because the main focus of those simulations is to show the viability of

the equations.

Figure 5.2: Input resistance for 1.25 MHz bandwidth and 1.25 MHz f;r
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5.2 N-PATH MIXER-157 PAC AND R;y VALIDATION

Once the equations are validated, the aim is to validate the voltage gain. f;r and
bandwidth are observed in the PAC simulation and compared to those presented in the input
resistance. Direct gain and output voltage are wanted in a filter/mixer architecture. However, the
whole work is based on input impedance because this is the parameter for which equations were
deduced. All the simulations in this section were conducted with the circuit level implementation
of the architecture.

Figures 5.4, 5.5 and 5.6, present the architecture for the three cases: 1.25 MHz bandwidth
and 1.25 MHz f;r; 5 MHz bandwidth and 5 MHz f;r; 10 MHz bandwidth and 10 MHz f;F,
respectively. All those cases present f; of 1 GHz. The input impedance simulation shows the
better impedance matching for f;r, R;;»> in the bandwidth frequency, and it is centered around

fs. The voltage gain simulation is centered around 0 Hz, this way it can validate the frequency
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Figure 5.3: Input resistance for 10 MHz bandwidth and 10 MHz f;r
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shift as well as the filtering operation. fjr presents the larger gain and the bandwidth frequency
presents a 3 dB rejection in the voltage gain simulation.

These cases cover the smaller f;r case, a central case, and the largest frequency case,
respectively. Input resistance and voltage gain simulations are shown, and markers are placed in
the intermediate and bandwidth frequencies. The mismatches between the values expected in the
input resistance and the voltage gain simulations are very low in those frequencies.

The minor mismatches are due to approximations used for the system’s parameters,
switch parasitic resistances, and parasitic capacitances. The input impedance curve also varies fast,
close to f7r, and some small approximations in the values of capacitances (Cy) and resistances
(Rpr and Rpy) can cause a mismatch. However, the leading cause of the mismatch is the switch
resistance of the variable capacitor, C;. The switch resistance of the N-Path filter itself is
expected and was considered in equations 4.21, 4.18 and 4.19 (represented by R;,,). The switches’
resistance for the variable resistors, Rrr and Ry, are not considered in the equation. However,
the resistances Rrg and Rp; are much larger than the switch resistance. Thus, those switches do
not cause a big mismatch. The switch resistance of the variable capacitor is not considered in the
equations, and it can cause a big mismatch because a resistance was not expected in the input
of the amplifier. Therefore the C; capacitor’s resistance is the one that interferes the most as a
parasitic. To reduce the most the switch resistance from Cy, a very large switch is implemented
(32 fingers with 35 pym width and 30 nm length each).

Those mismatches can be observed in figure 5.4, 5.5 and 5.6 in the bandwidth and f;r
when R;;, and V,,,;/V;, are compared. Table 5.3 quantifies those mismatches. For the smallest
bandwidth values, the error is low. However, the errors start to increase with the higher bandwidth.

This is mainly because, in the frequency that defines the bandwidth, only the real value of
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the impedance was chosen. With a frequency further from f;r, the imaginary part from the

impedance starts to interfere.

Table 5.3: Comparison between the frequencies from the voltage gain simulation and the impedance simulation

Sir (Rin) SRio Rin) | fir PAC) | fg,, (PAC) | fiF (error) | fr,, (error)

1.19 MHz | 2.514 MHz 1.02 MHz | 2.709 MHz 170 kHz 195 kHz
4.652 MHz | 10.016 MHz | 4.148 MHz | 10.687 MHz | 500 kHz 626 kHz
9.235 MHz | 20.037 MHz | 8.267 MHz | 22.109 MHz | 968 kHz | 2.072 MHz

Figure 5.4: PAC simulation and input resistance for 1.25 MHz bandwidth and 1.25 MHz f;r
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Table 5.4 presents the theoretical fjr, theoretical bandwidths, simulated f;r, simulated

bandwidths (for the input resistance simulation) and the errors between them.

Table 5.4: Intermediate frequencies and bandwidths for switching frequency of 1 GHz

BW (theoretical) | f;r (theoretical) | BW (simulated) | f;r (simulated) | BW (error) | fir (error)
1.25 MHz 1.25 MHz 1.199 MHz 1.19 MHz 51 kHz 50 kHz
1.25 MHz 2.5 MHz 1.269MHz 2.5 MHz 69 kHz 0
1.25 MHz 5 MHz 1.299 MHz 5 MHz 49 kHz 0
1.25 MHz 10 MHz 1.446 MHz 10 MHz 196 kHz 0
2.5 MHz 2.5MHz 2.797 MHz 2.5 MHz 297 kHz 0
2.5 MHz 5 MHz 2.598 MHz 5 MHz 98 kHz 0
2.5 MHz 10 MHz 2.949 MHz 9.9 MHz 449 kHz 100 kHz

5 MHz 5 MHz 4983 MHz 5 MHz 17 kHz 100 kHz
5SMHz 10 MHz 5.487 MHz 9.9 MHz 487 kHz 100 kHz
10 MHz 10 MHz 10.025 MHz 9.9 MHz 25kHz 100 kHz
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Figure 5.5: PAC simulation and input resistance for 5 MHz bandwidth and 5 MHz f;r
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Figure 5.6: PAC simulation and input resistance for 10 MHz bandwidth and 10 MHz f;r
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As was mentioned before in chapter 2, the N-Path’s center frequency is proportional
to fs. Another simulation keeps Cr, Rrg, and Rp; while changing f;. Equations 4.18, 4.19
and 4.21 are complex baseband models, so the bandwidth and the frequency shift related to f;
are kept. Figure 5.7 shows voltage gain and R;, for f; = 2 GHz. Rpg, Rp; and Cp are kept
the same as in the 5 MHz bandwidth and 5 MHz f;r. It is possible to observe that the R;;,
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curve is "shifted up" for both cases. However, even with this shift, some properties are kept.
The intermediate frequency of 5 MHz is still the one with better impedance matching, and the
frequency with approximately -3 dB gain still 5 MHz above fjr. R;» is now 39 Q and R;;, in
fir 49 Q. Both R;;, and R;,; were "shifted" 7 Q. Thus, changing f;, the central frequency is
changed, and the input impedance curve increases 7 €2 in all frequencies. However, even with this
shift, the system’s behavior is still the same. This can be validated by observing the voltage gain
curve. The frequency with the better gain is approximately 5 MHZ, and the -3 dB bandwidth is
approximately 5 MHz. So it can be observed that the same architecture can be used in different

switching frequencies without the further adaptation on Rgg, Rry, Cy.

Figure 5.7: Gain simulation and input resistance for 5 MHz bandwidth, 5 MHz f;r and 2 GHz f;
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6 CONCLUSIONS AND FUTURE WORKS

Due to the increasing need for more frequency protocols, it is also wanted to have RF
receivers with reconfigurable operation frequency. Many recent works present reconfigurable
filters with BAW and SAW filters. Those filters have good linearity and selectivity, but they are
not reconfigurable. So for a reconfigurable RF receiver, one BAW or SAW filter is necessary for
each operating frequency. The solution presented in the literature uses N-Path filters, which are
reconfigurable. However, current works in state of the-art have the disadvantage of being zero-IF,
which brings 1/f noise. The solution presented in this work is a low-IF N-Path mixer-1* receiver.
Mitigating any noise in this architecture is valid because it will be the first block in the receiver
chain (mixer-1*' receiver).

This work presented a low-IF N-Path mixer-1*" architecture, which has a reconfigurable
switching frequency, intermediate frequency, and bandwidth. Theoretical equations and a project
pattern were presented. The theoretical equations present a formula for the input impedance and
present a way to shift the frequency with better impedance matching. The frequency shift in the
input impedance matching makes it possible to transform the zero-IF architecture into low-IF. A
"link" was conceived between the input impedance and voltage gain. It was possible to observe
the frequency of -3 dB, the bandwidth frequency, and identify the input impedance matching that
brings this frequency. This way, the input impedance is controlled the bandwidth and f;r.

Simulations and theoretical equations validated the architecture in the time and frequency
domain. The architecture operates with 1.25 MHz, 2.5 MHz, 5 MHz, and 10 MHz bandwidth.
f1r are also 1.25 MHz, 2.5 MHz, 5 MHz, and 10 MHz (as long as the f;r is greater than the
bandwidth). It was also validated with f; of 1 GHz and 2 GHz.

The future projects consist of operating the architecture presented with a real low-noise
baseband amplifier. Itis also desired to understand how much of an impact fabrication mismatches
will have in this architecture. If those mismatches are significant, observing if the modes in
which two or more resistors or capacitors are switched on (in this work, only the cases where
one of each is on were studied) can mitigate those uncertainties. In a scenario where it is not
enough to remove the mismatches, it can be necessary to implement the architecture where f7r
and bandwidths depend on capacitors and resistors ratios instead of resistors and capacitors’
absolute values. As a future project, it is also desired to validate the architecture with noise and

linearity once the baseband amplifier is implemented with circuit components.
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