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Abstract

In this thesis, a study of wideband receivers as one of the
practical SDR receiver implementations is presented. The out—of—
band interference signal (or blocker), which is the biggest problem
of the wideband receiver is investigated, and have studied how to
effectively remove it. As a result of reviewing previous studies, we
have developed a wideband receiver based on the current—mode
receiver structure and attempted to eliminate the blocker. The
contents of the step—by—step research are as follows.

First, attention was paid to the linearity of a low—noise
transconductance amplifier (LNTA), which is the base block of
current—mode receivers. In current—mode receivers, the LNTA
should have a high transconductance (G,,) value to achieve a low
noise figure, but a high G,, value results in low linearity. To solve
this trade—off, we proposed a linearization method of
transconductors. The proposed technique eliminates the third—
order intermodulation distortion (IMD3) in a feed—forward manner
using two paths. A transconductor having a transconductance of
2G, 1s disposed in the main path, and an amplifier having a gain of
V2 and a G,—sized transconductor are located in the auxiliary path.
This structure allows for some fundamental signal loss but cancel

the IMD3 component at the output. As a result, the entire
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transconductor circuit can have high linearity due to the removed
IMD3 component. We have designed a reconfigurable high—pass
filter using a linearized transconductor and have demonstrated its
performance. The fabricated circuit achieved a high input—referred
third—order intercept point (IIP3) performance of 19.4 dBm.

Then, a further improved linearized transconductor is designed.
Since the linearized transconductors have a high noise figure due to
the additional circuitry used for linearization, we have proposed a
more suitable form for application to LNTA through noise figure
analysis. The improved LNTA is designed to operate in low noise
mode when there is no blocker, and can be switched to operate in
high linearity mode when the blocker exists. We also applied noise
cancelling techniques to the receiver to improve the noise figure
performance of the wideband receiver circuit. A feedback path has
been added to the current—mode receiver structure consisting of
the LNTA, the mixer and the baseband transimpedance amplifier
(TIA), and the noise signal can be detected using this path. This
feedback path also maintains the input matching of the receiver to
50 £ in a wide bandwidth. By adding an auxiliary path to the
receiver, the in—band signal is amplified and the detected noise is
removed from the baseband. The completed circuit exhibited
wideband performance from 0.025 GHz to 2 GHz and IIP3
performance of —6.9 dBm in the high linearity mode.

Finally, we designed a double noise—cancelling wideband

receiver circuit by improving the performance of a wideband
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receiver with high immunity to blocker signals. In previous
receivers, the LNTA was operated in two modes depending on the
situation. In the improved receiver, the Gy, ratio of the linearized
LNTA was changed and the RF noise—cancelling technique was
applied. The input matching and noise cancelling scheme introduced
in the previous circuit was also applied and a wideband receiver
circuit was designed to perform double noise—cancelling. As a
result, the linearization and noise—cancellation of LNTA could be
achieved at the same time, and the completed receiver circuit
showed high IIP3 performance of 5 dBm with minimum noise figure
of 1.4 dB.

In conclusion, this thesis proposed a linearization technique for
transconductor circuit and designed a wideband receiver based on
current—mode receiver. The designed receiver circuit
experimentally verified that it has low noise figure performance and
high IIP3 performance and is tolerant to out—of—band blocker

signals.
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Chapter 1. Introduction

In modern society, communication is very important, and
wireless communication is done by radio frequency (RF) system.
As wireless standards grow year by year and frequency allocation
becomes complex, RF systems are demanding high performance and
flexibility, small device size and low cost. One of the notable
concepts of future wireless systems is software—defined radio
(SDR). The concept of SDR has been proposed since the 1990s, but
a viable practical SDR has not yet been developed. This thesis
describes the structure of a wideband receiver as part of a study to
get closer to practical SDR receivers.

Section 1.1 describes the SDR and the wideband receiver as the
motivation for the study. Section 1.2 discusses key techniques that
must be accomplished in order to implement a wideband receiver,
particularly how to eliminate interference. Section 1.3 reviews the
various solutions presented so far to eliminate interference signals.

Finally, Section 1.4 defines the objectives of this study.



1.1. Motivation of Wideband Receiver Architecture

Communication between people i1s very important, and
communication is one of the basis of modern society. Wireless
communications have enabled seamless communication between
people who are far away, and their market, size, and importance are
increasing day by day. Therefore, many types of wireless
communication standards have been developed for various
communication purposes. These wireless communication standards
are placed in the frequency spectrum through frequency allocation.
The frequency spectrum we use today i1s already complicated by
the large number of wireless communication standards, which can
be seen in Fig 1.1. Fig 1.1 shows the allocation of wireless
communications standards that are closely related to our lives in the
frequency range from 30 MHz to 3 GHz. Here, we can find that the
communication spectrum for mobile phones such as 3G and LTE,
wireless communication standards such as Wi—Fi and Bluetooth, as
well as RFID, GPS and TV broadcastings, fill the frequency
spectrum .

All wireless communications standards have dedicated
transceiver hardware, and the number is growing every year.
Suppose that a single transmitter / receiver system can support
multiple communication standards. If one system supports multiple
wireless communication standards, this system will achieve smaller

device size, lower price, and more flexible system than using
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‘7@ Antenna

ADC

Digital
Processing

Fig. 1.2 Block diagram of ideal software—defined radio architecture.

dedicated systems per wireless communication standard. This
concept can be thought of as controlling flexible hardware using
software. This concept is called software—defined radio (SDR) and
was first proposed by Mitola in the 1990's [1] [2]. The block
diagram of the SDR is shown in Fig. 1.2.

The SDR system consists of an antenna, an analog—to—digital
converter (ADC), and a digital processing block. The RF signal
received from the antenna is directly converted into a digital signal
through the ADC, and the digital processing block carries out signal
processing using software. This means minimizing the use of
hardware in the system, and the operation of the system is defined
by the software.

Although this method can be used to configure the most flexible
system, the ideal SDR system has many difficulties in practical

implementation. The most problematic part of the SDR system



implementation is the ADC. In an ideal SDR system, the ADC
directly digitizes the RF signal, but a high—performance ADC
capable of this operation is generally not possible. This is because
the dynamic range and speed performance required by the ADC are
very high. For example, suppose you have an ADC that can handle
all the signals from 30 MHz to 3 GHz, as shown in Fig. 1.1. If the
signal input to the antenna is between 1 xV and 100 mV, the
required resolution of the ADC is approximately 16 bits. To sample
a signal at 3 GHz, the ADC speed must be at least 6 Gsamples/s.
Assuming optimally that 1 pJ of energy per each conversion is
required, this results n a calculation of
6 x 10° samples/s x 2 levels x 10712] ~ 400 W [3] [4]. Therefore, the
implementation of ideal SDR is very difficult. Although it is not
possible to implement an ideal SDR, it is possible to develop a
practical SDR by locating the ADC as close as possible to the
antenna and using minimal hardware blocks [5]. Receivers with a
structure that uses hardware that supports wideband and places the
ADC after mixing, at intermediate frequency (IF) can be a good
example of the practical SDR receiver [6] [7].

SDR includes a wide range of research topics, ranging from
analog circuits to digital circuits, transmitters to receivers. In this
thesis, we will concentrate on the analog—front—end part of a
complementary metal oxide semiconductor (CMOS) —based
receiver. The analog—front—end is a receiver block that performs
amplification, down—conversion, and filtering prior to the ADC. In
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the next chapter, we will look at the challenges to achieving the

analog—front—end of a practical SDR receiver.

6 2 A2 tsky



1.2. Challenges in Designing Wideband Receiver

Conventional wireless receivers are designed to support only
one desired communication specification. Fig. 1.3 (a) shows a block
diagram of a conventional receiver using direct conversion
architecture. The analog—front—end of the receiver consists of RF
band—pass filter, low—noise amplifier (LNA), mixer, baseband
channel selection filter (CSF), and variable—gain amplifier (VGA).
Fig. 1.3 (a) assumes that the signal located in the desired band
comes into the receiver along with the out—of—band interference
signal. To accept only signals of the desired band among a number
of communication standards over a broad frequency spectrum,
conventional receivers use the RF band—pass filter without
exception. The signal received from the antenna passes through the
RF band—pass filter, leaving only the desired band signal and the
out—of—band interference signals are removed. The LNA located
behind the filter serves to amplify the input signal in the RF band.
Since the LNA of the conventional receiver is adapted to the target
radio standard, the signal in the desired band is amplified but the
interference signal 1s not amplified. The in—band signals are
converted through the mixer with a sufficient signal—to—noise ratio
(SNR), and channel selection and amplification are done in the
baseband circuit. Since out—of—band signals have already been
removed considerably, they are converted to baseband and almost

disappear when passing through the filter. .
7 -"*-_i 'kl:. =T
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Fig. 1.3 Block diagram and effect of out—of—band blocker on
(a) conventional direct—conversion receiver, (b) wideband direct—

conversion receiver.
8



Now let's check a wideband receiver that performs functions
close to a practical SDR receiver. The wideband receiver described
in Fig. 1.3 (b) is a more flexible system than the conventional
receiver by removing the band—pass filter of the RF band and
designing the LNA as a wideband circuit. After the mixer stage, the
block diagram in the baseband is the same as the conventional
receiver, but there is a difference in RF circuitry for wideband
operation. Unlike conventional receivers, wideband receivers do not
depend on any single standard and therefore accept a wide range of
signals. If the in—band signal and the interference signal enters
together in the conventional receiver, there is a risk that the
interference signal becomes much larger than the desired signal in
the wideband receiver, thereby saturating the receiver itself.

Of course, designing an RF band—pass filter of a conventional
receiver as a CMOS circuit with a very flexible operation would be a
good way to implement an SDR receiver. However, it is very
difficult to implement this in a CMOS circuit because RF band—pass
filters (e.g. surface acoustic wave filters (SAW filters)) dedicated
to one standard have very high Q value and low loss characteristics.
Also, to be an SDR receiver, it is necessary to design a flexible
filter circuit that can be reconfigured over a wide bandwidth, which
is a goal that cannot be achieved with small die area and low cost.

In the above case, the most problematic in the wideband
receiver architecture is the out—of—band interference signal, or

blocker. The problem that the blocker can cause in the receiver is
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Fig. 1.4 Intermodulation distortion due to the multiple blockers in

wideband receiver.

as follows: First, 1) when the blocker of a large power is applied to
the LNA, so that the LNA may saturate and the noise performance
may deteriorate. If a blocker signal with a magnitude of 0 dBm
(0.63 V,,) is applied, the magnitude of the LNA output is about 3.56
Vpp When the gain of the LNA is about 15 dB, which exceeds the
magnitude of VDD achievable in modern CMOS deep submicron
process do. Secondly, 2) if a desired signal of a relatively small

magnitude enters, the desired signal may be buried in the blocker,
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thereby making it invisible. A large blocker signal can degrade the
sensitivity of the receiver itself, thus causing the possibility of
disturbing the desired signal slightly over the noise floor. Finally, 3)
unwanted spurs may occur in the in—band due to intermodulation
components generated by multiple blocker signals [8]. This is about
the linearity of the receiver. If the linearity of the receiver is not
good enough, intermodulation components due to the large blocker
signals may be generated and distort the in—band signal. This
situation is shown in Fig. 1.4. Suppose that the desired signal is
located at frequency f; and the two blocker signals blockerl and
blocker? are Af and 2A4f apart, respectively. Since the LNA
operates at a wide bandwidth, all three signals are amplified with
the same gain. At this time, if the linearity of the LNA is not
sufficiently good, the two blocker signals generate modulated
signals, and these intermodulation components overlap with the
desired signal, causing problems.

In order to solve the problems caused by the blocker, the target
to be achieved by the wideband receiver can be summarized as
follows.

1) Maintain proper gain and low noise figure over wideband.
Since a wideband receiver basically needs to receive and process
signals over a wide frequency range, this is the most basic goal to
achieve as a wideband receiver.

2) The wideband receiver should be tolerant to out—of—band

blocker signals. As described above, the receiver must prevent
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saturation of the circuits by the blocker signal and minimize the
generation of intermodulation components caused by the blockers.
Thus, the receiver should keep the gain and noise figure
performance degradation due to the blocker signal small, and
maintain high linearity.

In the next section, we will review various methods that have

been tried to remove the blocker in the wideband receiver.
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1.3. Prior Researches

So far, there have been many attempts to implement an SDR
receiver. In this section, we will discuss the structure of the
wideband receivers studied and the methods of removing the
blockers. Of course, there are examples of achieving a multi—mode
multi—band receiver using several RF filters and dedicated LNASs to
support a couple of standards [9]. However, the goal of this thesis
i1s to exclude off—chip devices as much as possible and to
implement practical SDR using system—on—a—chip (SoC), so this
method is outside the scope of this thesis. The ways to design a
filter block using a CMOS circuit, or to propose a receiver structure
and remove a blocker are summarized into three categories.

The first is to use a circuit called an N-—path filter as a
reconfigurable band—pass filter. This circuit has a simple structure
consisting of metal oxide semiconductor field—effect transistors
(MOSFETSs) and capacitors, and serves to attenuate the blocker in
the RF band. The second method is feed—forward blocker filtering,
which proposes the structure that separates the blocker signals in
two paths and then combines them in opposite phases. Finally, we
will introduce the current—mode receiver architecture. This method
improves the vulnerability of the LNA that can be saturated by the
blocker, and uses a voltage—current conversion circuit instead of
the conventional voltage amplification LNA. A detailed description

of each method and previous research findings will be presented.
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Fig. 1.5 A general N—path filter with its required non—overlapping

clocks..

1.3.1. N—Path Filter

N—path filters have been studied as one of the methods for
removing blocker signals [10] — [24]. The N-—path filter is a
research result to replace the existing SAW filter. This is a type of
periodic time—varying system, one that can be reconfigured without
using inductors. Fig. 1.5 shows an example of an N—path filter [21].
The filter consists of N switches and N capacitors and is operated
by clock signals with NV non—overlapping phases. If the period of the
entire clock signal is 7, the signal for operating the individual
switches is turned on for 7/N. The frequency response of this
network appears as the response of a low—pass filter around a
signal with a frequency of /7. As a result, it is possible to

implement a tunable filter in which the center frequency is changed
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by varying the period of the clock signal. The frequency response
translates the low—pass response seen by the capacitor near DC to
the center frequency //7, allowing a filter with a very high Q value
in the RF band.

The first N—path filter was developed in the 1960s [10], but
due to process limitations, the operating frequency was only a few
kHz. With the recent development of CMOS processes, high—speed
operation and low loss circuits have been developed, the N—path
filter has begun to attract attention and is being used as a variable
filter capable of operating at high frequencies (over 1 GHz).

Although the N-—path filter shows possibility as a promising
variable filter, there are also disadvantages. One of the major
problems with N-—path filters is the attenuation characteristics.
Since the MOSFET used as a switch in the filter cannot have a
resistance value of zero, the attenuation of the filter is limited to
about 15 dB [17]. The existence of the resistance value means that
there is a loss, so there is a problem that the noise figure is
degraded by the N-—path filter. This cannot be ignored given the
fact that the N—path filter is usually located in front of the LNA to
remove the blocker. This is because the circuit located in front of
the analog—front—end has a large effect on the noise figure of the

entire system.
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Fig. 1.6 Block diagram of the feed—forward blocker filtering

receiver.

1.3.2. Feed—Forward Blocker Filtering

One of the proposed methods to remove the out—of—band
blocker signal is to cancel the blocker by using a feed—forward
structure [25] — [30]. This method is also called translational
filtering. Instead of designing a circuit block like a N—path filter,
this method uses a receiver structure to remove the blocker. The
feed—forward type receiver provides two signal paths. The main
path performs amplification using the LNA as in the conventional
method. In the auxiliary path, the in—band signal and the blocker are
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downconverted into the baseband together by a mixer, and only the
in—band signal is removed using the filter in the baseband, leaving a
blocker. This baseband signal, which is left only a blocker, is
upconverted to the RF band again by another mixer. When the
signals of two paths are added in opposite phase to each other at
the output node of the LNA, only the in—band signal is left. These
systems have the advantage of avoiding compression even when a
large blocker signal of O dBm is received. It is possible to avoid
filtering in the RF band requiring a high Q value, and the blocker can
be removed with a baseband filter that is simpler in design than the
RF bandpass filter. However, as shown in the block diagram of Fig.
1.6, this method complicates the circuit configuration. For a large
attenuation of the blocker, all circuit building blocks must have high
linearity and low noise figure. Therefore, this type of circuit is
difficult to achieve a low noise figure, and wideband characteristics

are also difficult to achieve.
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Fig. 1.7 Conceptual diagram of the current—mode receiver.

1.3.3. Current—Mode Receiver

Traditionally, the analog—front—end of a narrowband receiver
can provide sufficient linearity (typically, [TP3 < O dBm) for an in—
band blocker using an LNA and a mixer, and an RF band—pass filter
removes the out—of—band blocker. However, because out—of—band
blocker is much stronger than in—band blocker in wideband
receivers, the required out—band IIP3 is much higher than in—band
IIP3 and receiver may be desensitized due to the very large blocker.
Therefore, a reconfigurable band—pass filter might be a solution,
but it is difficult to provide sufficient noise figure, linearity and good
selectivity simultaneously using a CMOS on—chip filter. Let's solve
the problem with another receiver structure here.

Amplification is essential at the beginning of the receiver chain
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to ensure low noise figure. Consider the voltage amplification in a
typical LNA divided into two stages: V—I conversion and -V
conversion. The V-—I conversion can be seen as converting the
input of the LNA into a current through the transconductance of the
transistor. The I—V conversion can also be thought of as the
conversion to a voltage through the output impedance or
transimpedance of the LNA. Fig. 1.7 shows two functional blocks,
V—I and I—V, separated by a passive mixer and a low—pass filter
inserted between them. Mixers and filters have no voltage swing
internally. Therefore, even if a large blocker signal is applied, the
LNA is not saturated. This circuit structure is called the current—
mode receiver [31]—[46].

An important part of the current—mode receiver is to provide a
low impedance across the output of the RF amplification stage, node
B, over a wide band. This is to suppress voltage amplification from
occurring in the RF band, so the voltage gain first occurs in the

baseband. This provides selectivity to mitigate the blocker.

The realization of the general concept (Fig. 1.7) is shown in Fig.

1.8. The current—mode receiver completely removes the voltage
gain LNA prior to the mixer and wuses the low—noise
transconductance amplifier LNTA) as the first RF stage for V-I
conversion. As mentioned above, it is important to maintain a low
impedance at the node B over a wide band. Passive mixers using
transistors as switches can achieve low resistance values. In Fig.

1.8, a transimpedance amplifier (TTA) is used as the baseband -V
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Fig. 1.8 Realization of the low—pass blocker filtering and illustration

of the impedance transfer effect (from Zpto Zp).

conversion circuit. A feedback circuit consisting of a resistor and a
capacitor in parallel in the amplifier acts as a low—pass filter. The
blocker is attenuated by a low—pass filter, and the current—mode
receiver is a circuit that can withstand the large blocker.

Let's summarize the results of previous studies. The N-—path
filter is advantageous in that it can reconfigure a high Q-—value
band—pass filter. However, its application is limited due to the
performance limitations of the circuit itself and it degrades the
noise figure performance of the entire receiver. In the case of the
feed—forward technique, all the circuit blocks constituting the entire

system must operate at high performance, and efforts for perfect
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cancellation are required. On the other hand, the current—mode
receiver can achieve blocker removal using a relatively simple
structure. In this thesis, we study LNTA, mixer, and baseband I-V
conversion circuit which constitute current—mode receiver and aim
to make receiver strong to blocker by increasing noise figure and

linearity of whole receiver.
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1.4. Research Objectives and Thesis Organization

As can be seen in the previous section, there have been a wide
variety of ways to remove blockers from wideband receivers in an
attempt to implement a practical SDR system. Each of these
methods has shown promising results to speed up the
implementation of SDR receivers. However, high—performance,
low—cost receivers that can be implemented with SoC still have a
long way to go. Based on the results from the previous chapter, we
will focus on current—mode receivers in this thesis. The research
objectives of the wideband current—mode receiver to be covered in
this thesis are as follows.

In this thesis, we will design a current—mode receiver that
maintains a reasonable gain (over 40 dB) and a low noise figure
(Iess than 10 dB) over a wide bandwidth (60 MHz — 3 GHz).

A wideband receiver that can achieve an IIP3 value of O dBm or
better will be designed to have blocker—tolerant characteristic. The
high IIP3 value signifies the system is resistant to the blocker
signals.

The development process is as follows.

Chapter 2 discusses the fundamental causes of the
intermodulation components occurring in transconductance
amplifiers. A linearization technique of a general transconductance
amplifier will be proposed to suppress the generation of

intermodulation components. The effectiveness of linearization
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method will be certified by designing and demonstrating the result
by a linearized G,—C filter. Based on the design insensitive to
process variations, we will draw a basic sketch of the LNTA of a
wideband receiver.

In Chapter 3, the linearization technique developed in Chapter 2
will be applied to the LNTA. The proposed linearization method will

be improved to achieve a low noise figure. Then, a wideband

receiver system with noise cancellation techniques will be proposed.

We will design a receiver that can operate in dual mode in high—
linearity mode or low—noise mode, and the measurement results
will be shown.

Chapter 4 proposes a high performance wideband receiver by
further improving the noise—cancelling wideband receiver proposed
in Chapter 3. The LNTA designed in Chapter 3 will be modified to
have better noise performance by changing the G, ratio and
applying RF noise cancelling technique. The wideband receiver
front—end with double noise cancelling architecture will be
introduced. The design procedure and measurement results will be
described.

Finally, Section 5 presents conclusions and summarizes the

implications and results of this thesis.
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Chapter 2. Transconductor Linearization
Technique and Design of Tunable High—pass

Filter

The demand for highly linear circuits to support various
wireless communication standards is increasing. To process in—
band signals and prevent such signals from being disturbed by
unwanted blockers or interferers, the receiver front—end must
consist of circuits with high linearity. In the current—mode
wideband receiver, the block closest to the input signal is the LNTA,
and the linearity of the LNTA should be very good since this
receiver cannot use an external band—pass filter. Therefore, in this
chapter, the method of improving the linearity of transconductance
amplifiers will be studied.

To enhance linearity, the multiple—gated transistors (MGTR)
method is widely used [48], [49]. This technique uses two or more
parallel transistors with different gate widths and gate bias voltages
to cancel the third—order derivative (g3 of the transistor. The
IIP3 value of the transistor improves, where the g,z value is close
to zero. However, the MGTR method has drawbacks in that the
linearity improvement i1s achieved by a precise bias voltage
adjustment. To cancel the g,3 component, the gate width and gate
bias must be controlled to find the optimum operation point, which

means the MGTR method is sensitive to bias variations. ' |
¥ [ -
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Linearity improvements can also be achieved using the feed
forward method [50], in which two paths are used to actively cancel
the nonlinearity. In addition, it requires accurate scaling between
the input signals of the main and auxiliary paths to perform exact
cancellation. However, the circuits that generate the scaled inputs
for both paths are not shown in [50].

A method of attenuation—predistortion in [51] also uses two
paths for the linearization. In this architecture, an attenuated input
signal is required for the auxiliary path, and a digitally controlled
phase shifter is needed to compensate the mismatches and the
process—voltage—temperature (PVT) variations.

In this chapter, we will achieve linearization of the
transconductors in a feed—forward fashion using two paths. And the
linearity performance of the proposed transconductor circuit will be
verified through the design of the filter. If the circuits are cascaded,
the nonlinearity components of the latter stages become more
critical [47]. Therefore, the input—referred third—order intercept
point (IIP3) performance of the latter stages plays an important
role in the linearity of the overall system. Since the filters for
channel selection or rejection are usually located in the last stage of
the receiver front—end, the design of a high—performance
intermediate frequency (IF) or baseband filters is necessary. So, a
Gn—C filter [53]—1[55] will be designed for evaluating the
linearization method. Although it has lower linearity than active—RC

filter [52], it can be tuned continuously by changing the bias
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current.

In this chapter, a linearization technique of the transconductor
circuit is proposed. The proposed technique is based on the feed
forward method, and it actively cancels the G,,3 component of the
transconductor, which is the main contributor to the nonlinear V—I
conversion. This technique is explained in section 2.1. In section
2.2, a tunable G,—C high—pass filter design adopting linearized
transconductor circuits is presented. Section 2.3 deals with the
measurement results of the fabricated filter circuit, and section 2.4

concludes the chapter.
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2.1. Transconductor Linearization Technique

In MOSFET devices, the drain current /; can be expressed with

Taylor expansions, as follows:

I gle +gm2V2 +gm3V3 (21)

where Vs is the gate—to—source voltage of the device, and g, is
the n—th order derivatives of the drain current /; with V.. Like a
MOSFET device, a transconductor circuit can be modeled using the
same expression. The output current of the circuit consists of a
polynomial of the input voltage V;, and the transconductance Gy,

which becomes:

1,,=G V. +G V:+G, V. + (2.2)

in m3

To make the voltage to current conversion a linear operation,
the /7, term must contain the components of G,; and V, only.
Assuming that the even order coefficients can be eliminated with a
differential architecture, the main contributor to nonlinearity is the
G, component. Higher order components over fourth derivatives
are neglected in this method. Then, a transconductor circuit can be

modeled as follows:

] ut ~ Gmll/in + Gm3l/lr3: (23)

Linearization can be achieved by cancelling the G,,3 component.
The proposed transconductor linearization technique consists of two

paths, as shown in Fig. 2.1. Transconductors with different Gy
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P I Fundamental
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Fig. 2.1 Block diagram of the proposed transconductor linearization

technique.
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values are located in the main and auxiliary paths. The output
currents 7; and 7» of each transconductor can be modeled with (2.3).
As the third—order intermodulation distortion (IMD3) components
of each path are designed to have the same magnitude, they are
subtracted and eliminated in the output current /,,.

Fig. 2.2 shows the linearization technique with specific values.
In the main path, the input voltage is 1}, and the transconductance
1s 2G, which means the two—unit transconductor circuits are
connected in parallel. In the auxiliary path, the input voltage to the
transconductor is (—=¥2Vy,), and the transconductance is G, (unit
transconductor). The negative sign at the amplifier output signifies
the opposite polarities at the input and the output. Due to this feed

forward auxiliary path, /7, 1s given by

I, =i+i

- (2-2)q,7,

out

which means a linear V—to—I conversion is possible. The linear
conversion is obtained by increasing the power consumption and
reduction of transconductance (2 — V2 = 0.74).

In this linearization method, input voltages of Vj, and (=¥2V;,)
must be applied to each transconductor to perfectly cancel the Gz
component. To obtain an input voltage of (=32V;,), the linear
voltage amplification circuit in Fig. 2.3 (a) is used [56]. In [56], the

voltage amplifier consists of a driving inverter and a loading
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(b)
Vin gain=-1 L
[- S—
T
gain = —%/E Unit Transconductor

(c)
Fig. 2.2 (a) Conceptual block diagram of two—path G,,5 cancellation.
(b) Implementation of G, cancellation using a voltage amplifier. (c)

Final block diagram of linearized transconductor.
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inverter. This self—biased inverter—based circuit can amplify the
input voltage linearly.

To reduce the phase mismatch of main and auxiliary paths for
perfect cancellation, another linear voltage amplifier, which has gain
of (=1), is inserted in the main path. The transconductor circuits
with differential inputs are used to create opposite polarities in the
two paths.

Fig. 2.3 (b) shows the unit transconductor circuit. A basic
differential pair is used for the differential input and a current
mirror load is implemented to obtain a single—ended output current.
The transconductance of the circuit can be adjusted by the tail
current, which mirrors the current of an external reference current
source.

Since the active G,z cancelling architecture does not alter the
original transconductor circuit, this technique can easily be applied
to conventional transconductors with differential inputs. In addition,
this linearization technique is independent of the bias variations of
the transconductor. As reported in [56], the gain of the linear
voltage amplifier is defined by the G, of the inverters and K.
Therefore, the ratio of the two paths is insensitive to the bias
voltages, which means that any value of the G, component can be
eliminated, while the main and auxiliary paths maintain a voltage
amplification ratio of 1: 3/2. Fig. 3.4 shows the simulation result of
the voltage amplifiers in the two paths. The ratio of the two paths

holds up to the input power of —20 dBm, and the gain error reaches
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(a)

External DAC as a

current source
1 DAC )
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(b)

Fig. 2.3 (a) Schematic of a linear voltage amplifier. (b) Schematic of

a unit transconductor circuit.
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Fig. 2.4 Simulated gain of main and auxiliary paths.

10 % when the input power is —15 dBm. This result demonstrates
that G,z cancellation can be performed up to the input power of —15
dBm with small errors.

The linearity of the voltage amplifier is critical for the G,s3
cancellation. Fig. 2.5 presents the two—tone linearity simulation
result of the voltage amplifier. The IIP3 of 20.4 dBm shows highly

linear operation of the amplifier.
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Fig. 2.5 Simulated IIP3 of the voltage amplifier.

The G,3 cancellation simulation between unit transconductor
and the linearized transconductor is shown in Fig. 2.6. Equal input
voltages of 2.5 MHz and 3 MHz are applied to the transconductors,
and the output current of each circuit is plotted in dB scale to verify
the proposed technique. The result shows IMD3 component of
output current at 3.5 MHz is reduced by 38 dB due to the
linearization circuit. However, the improvement of IMD3 is achieved
by increasing power consumption by the factor of 5 when compared

with the unit transconductor, and input referred noise power
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increased by the factor of 8.2.

O i
'20'-" Unit Gm ﬁ

1204

Normalized Output Current (dB)

-140 -
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1.5 20 25 3.0 3.5 4.0
Frequency (MHz)

Fig. 2.6 Simulated difference in the IMD3 current between the unit

transconductor and the linearized transconductor.
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2.2. Design of Tunable High—pass Filter

In a frequency modulated continuous wave (FMCW) radar
system, the distance from the target is proportional to the baseband
frequency of the system [57]. A filter is necessary in the receiver
baseband of a through—the—wall FMCW radar system to reject the
antenna coupling and wall—reflected waves [58] [59]. In a situation
in which the target exists beyond the wall, a high—pass filter can
attenuate the unwanted wall—reflected waves. The high—pass filter
must have a tunable cutoff frequency, because the distance from the
through—the—wall radar to the wall can vary.

A tunable G,—C high—pass filter in [60] is designed using the
linearized transconductors. This filter of order N can be synthesized
using N transconductor circuits and N capacitors.

Fig. 2.7 shows the N—th order high—pass filter with high—order
admittance element synthesis. The input voltage is divided into C;

and Yj, making the transfer function from input to output as follows:

H(s) = Vow sC,
in SC + Ym (S)

G G
+ m(n-1)"~"mn Sn—2 (25)
CC,

m(n 2) m(n l)Gmn sn—3 Feeet GmleZ '”Gmn .
Cl Cnfl Cn C1C2 o Cn

The designed high—pass filter has a unit filter order of 2 and

these unit filters are cascaded to make higher orders to prevent the
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(a)

(b)

Fig. 2.7 (a) High—pass filter using admittance elements. (b) High—

order admittance element.

Fig. 2.8 High—pass filter using high—order admittance element

synthesis.
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linearity degradation. The normalized transfer function of the
second—order filter with the same transconductance values

becomes:

2
S

H(s)=—5——. (2.6)
S”+ Cy S + Cyy

where the normalized transfer function coefficients for the
Chebyshev filter response are given by:! ¢;; =G, /C; = 1.1025 and
cyp = G2 /(C,C,) = 1.0977 . The poles of the transfer function are
located at —0.549 + 0.895i. The capacitor values of the filter are set
to a cutoff frequency up to 750 kHz, thus becoming C; = 330 pF and
Co= 82 pF. These capacitors are attached externally so the filter
could be adjusted to another cutoff frequency range. By scaling
transconductance, the frequency response of the filter is
proportionally scaled, which means the filter can maintain the
Chebyshev filter response at any given cutoff frequency.

The final design of the filter is implemented with differential
inputs and outputs (Fig. 2.9). To avoid the effect of the load on the
frequency response of the filter, a voltage buffer is placed after the
filter stage.

The frequency response and the phase of high—pass filter in
Fig. 2.9 are simulated and the results are plotted in Fig. 2.10. The
frequency response presents the filter operation at the cutoff
frequency of 250 kHz, and the phase simulation shows the filter is

stable.
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Fig. 2.9 (a) Block diagram of a second—order unit high—pass filter.

(b)

(b) Schematic of voltage buffer.
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Fig. 2.10 Frequency response and phase simulation of the high—

pass filter in Fig. 2.9.
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‘Tunable High-pass Gm-C Filter

Fig. 2.11 Chip die micrograph.

2.3. Measurement Results

The proposed tunable G,,—C high—pass filter is fabricated using
the standard 0.13 gm CMOS process. The whole die size is 700
rm X 270 pm, and the active area of the filter is 520 g¢m X
120 g m without pads. Fig. 2.11 shows the micrograph of the chip.
The power consumption of the fabricated filter is from 13.2 mW to
43.2 mW when the filter bias current changes from O mA to 0.5 mA.
The large power consumption is mainly due to the inverters in the
linearization circuit, because these self—biased inverters draw a DC
current when the VDD is applied. Reducing the size of the inverters
in the voltage amplifier will decrease the power consumption, but

the linearity of the amplifier may degrade. Moreover, the topology
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Fig. 2.12 Frequency response tuning of a high—pass filter.

of the linearization technique that wuses parallel—connected
transconductors also contributes to the large power consumption. If
the linearization technique is not applied, the power consumption for
the same bias current will be from 2.76 mW to 7.35 mW.

Fig. 2.12 shows the tunable frequency response of the filter. By
changing the external reference current source, the frequency
response can be adjusted continuously. The cutoff frequency of the
filter can be tuned from 150 kHz to 750 kHz by the reference

current from O mA to 0.5 mA. The filter shows the second—order
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Fig. 2.13 In—band IIP3 measurement of the high—pass filter.

Chebyshev response and insertion loss of the filter is 1.1 dB. The
cutoff frequency range can be extended with wide tuning of
external reference current, but it requires reduction of voltage
headroom of the current mirroring circuit in the unit transconductor.

Fig. 2.13 presents the in—band IIP3 measurement result of a
two—tone test. Input signals of 2.5 MHz and 3 MHz tones are
applied for the test, and the measured I[IP3 of 19.4 dBm shows the
highly linear operation of the filter, as well as proving the Gz

cancellation circuit works.
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Fig. 2.14 Measurement result of 1—dB gain compression point test.

A single—tone linearity test is performed to measure the 1 dB
compression point (P1dB) of the filter and shown in Fig. 2.14. The
measured P1dB is at 5.35 dBm, and the gain compression mainly
comes from the inverter—based amplifiers in the linearization circuit.
The linear operation of the filter leads to achieving the dynamic
range of the input power of 77 dB.

The filter performance is summarized and compared with prior

research in Table 2.1.



TABLE 2.1

MEASUREMENT RESULTS AND PERFORMANCE COMPARISON

[49] [51] [52] This Work
Technology 0.18 0.13 0.13 0.13
(pxm)
Filter ~|RC— Gm—-C| Gm-C Active Gm—C
Gm—RC .
Topology low—pass low—pass high—pass
low—pass
Linearization Attenuation— Feed
Technique MGTR Predistortion Forward
Supply
Voltage (V) 1.8 1.2 0.55 1.2
Filter Order 3 2 4 2
Cutoff
Frequency 50—200 200 11.3 0.15-0.75
(MHz)
Tuning Ratio 4 — - 5
Power
Consumption 23.4 20.8 3.5 13.2—43.2
(mW)
P1dB
(dBm) 0.5 5.35
11P3 a
(dBm) 17.3 14 10 19.4
? Extracted value from plot
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2.4. Conclusions

A linearization technique of the transconductor circuit that is
based on a G, cancelling method is proposed. Using self—biased
inverters and duplicated original transconductors, linearization is
easily implemented. It cancels the G,; component of any type of
transconductor using the two—path feed forward method. The
inverter—based linearization circuits are insensitive to the bias
condition, and the ratio of the two input paths is accurately scaled.
To demonstrate the linearization technique, a tunable G,—C high—
pass filter is implemented. The filter is synthesized using a high—
order admittance element. The measurement results show a highly
linear filter operation, as well as proving that the linearization
technique 1s effective. This technique can be adapted to
transconductors with differential inputs, and it has an advantage in

process scaling.
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Chapter 3. Wideband Noise—Cancelling
Receiver Front—End Using Linearized

Transconductor

As described in Chapter 1, a wideband receiver that is resistant
to external blocker signals can be an alternative to a practical SDR.
Let's briefly review the problem caused by the blocker. Large
blocker signals may saturate the receiver circuits, or they may
generate an intermodulation signal with the in—band signal. To
prevent performance degradation in the wideband receiver front—
end, passive mixers and low—noise transconductance amplifiers are
employed, and this receiver architecture is called a current—mode
receiver. The passive mixer is suitable for the wideband receiver
since it has high linearity, and the LNTA can suppress the voltage
gain at RF to prevent the circuits from being saturated.

If a blocker exists, the linearity of the receiver becomes more
important. When the blocker and the in—band signal are
intermodulated, the intermodulation distortion arises. The amount of
third—order intermodulation distortion components can be
represented as an IIP3 value. To suppress the IMD3 and achieve
high linearity performance, a linearization technique introduced in
Chapter 2 i1s adopted to the LNTA. Linearity can be increased by

this technique, but additional circuits for linearization degrade the

noise performance of the receiver. Therefore, a noise—cancelling
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technique [44], [61] [62] is used to reduce the noise.

In this chapter, the wideband receiver front—end is designed
using the linearization technique described in Chapter 2. Firstly, the
linearized transconductor developed in Chapter 2 will be modified to
have better noise performance in Section 3.1. The noise—cancelling
current—mode receiver architecture, including the linearized LNTA,
i1s explained in Section 3.2. In Section 3.3, the measurement results
of the fabricated circuit are presented. Section 3.4 concludes the

chapter.
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3.1. Low—Noise Transconductance Amplifier Based

on Linearized Transconductor

The linearization technique of the transconductors studied in
Chapter 2 has confirmed that the elimination of the IMD3 component
significantly enhances the IIP3 value of the transconductor circuit.
In this chapter, we analyze the noise performance of a linearized
transconductor circuit and discuss how to apply an existing circuit
as a low—noise transconductance amplifier.

As defined in [47], the noise performance of a circuit can be
represented using a noise factor (NF) as an indicator. NF can be
calculated by dividing the output noise of the entire circuit by the

gain of the circuit, which can be expressed as follows:

_ 1 I/:'lz,out
T 4kTR, A
: (3.1
2
:1 n,in ,
4KTR,
NF | ,=101log(NF), (3.2)

where VZ,, represents the output noise of the entire circuit and

includes both circuit noise and source impedance Rs, and VZ;, is the
sum of input—referred noise of the circuit and the noise from the
source impedance. Ay is the gain of the circuit, which means the

gain from the source to the output node. & denotes the Boltzmann

constant and 7 is the absolute temperature. NF| 4z represents the

. 3
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Fig. 3.1 (a) Block diagram of the linearized transconductor. (b)
Schematic of the voltage amplifier and (c) unit transconductor

circuit.
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noise figure, which expresses the NF in decibels.

Fig. 3.1 (a) shows a block diagram of the linearized
transconductor designed in Chapter 2. Fig. 3.1 (b) and 3.1 (¢) show
the block diagram of the voltage amplifier and the unit
transconductor, respectively. The total noise performance of the
linearized transconductor circuit is calculated by calculating the
noise of each block as follows. First, the input—referred noise of the
voltage amplifier of Fig. 3.1 (b) can be derived:

2 _AkTy [1+Mj, (3.3)
ng ng

in,amp

where g,p 1s the transconductance of the driving inverter, the first
stage of the amplifier, and g, is the transconductance of the second
stage, loading amplifier. 7 is the excess noise coefficient, which
depends on the CMOS process. Since the gain of the voltage

amplifier can be expressed by

A,y =220, (3.4)
gmL

the equation (3.3) can be expressed as follows :

2:4"T7[1+ ! j (3.5)

in,amp

ng

v,amp
Next, the input—referred noise equation of the unit

transconductor of Fig. 3.1 (¢) is derived as follows:

in,unitGm

Vi =8kTy(L+g—';3j. (3.6)
gml gml

The transconductance values of g, = Zm2 and gu3 = Zgms are
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assumed. Using the above results, the input noise of the linearized
transconductor of Fig. 3.1 (a) is calculated as

7 2 4kTy {i(1+%J+L(%/§+9)}, (3.7)

=T Y
where G, is the transconductance of the unit transconductor (same
as gm1), and gn3 is the transconductance of the transistor consisting
the active current mirror of the unit transconductor. Thus, the NF
of linearized transconductor can be expressed as

7/ 3 gm3 1 3
NF |y g =1+ —— e = | 122 e — (3249 o
|Lm.Gm (2_%/5)2RS {G; [ G j 8L ( )}

m

As can be seen from the above equation, the linearized
transconductors of Chapter 2 have a very poor noise figure. In
addition, since the unit transconductor is designed based on a
differential pair, it is difficult to operate up to a high frequency due
to a parasitic capacitors. In order to solve these problems and apply
the linearization technique of transconductor to low—noise
transconductance amplifier of RF band, the circuit as shown in Fig.
3.2 is proposed.

The modified linearized transconductor circuit consists of a

voltage amplifier and a unit transconductor as in the previous circuit.

The voltage amplifier uses the same circuit as before, but the unit
transconductor circuit i1s designed as a simple inverter. A simple
inverter circuit consists of two MOSFETs of NMOS and PMOS, and
this simple structure allows the inverter to operate at high

frequency with minimal performance degradation. In addition, the

59 -__:I'H , _'k..':_ '|'.l: '_.-:lll
T o | 1]

1V



N

Linearized Low-Noise
Transconductance Amplifier
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Fig. 3.2 (a) Block diagram of the linearized low—noise
transconductance amplifier. (b) Schematic of the voltage amplifier,

and (c) the unit transconductor.
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inverter circuit has a very low noise figure, making it a suitable
circuit for use as a low—noise amplifier in the RF band. The input—
referred noise of the modified linearized transconductor circuit of

Fig. 3.2 is calculated as follows:

- 4Ty (3 P2+1
Vin,inta = S| AT ) (3.9)
2-92°\G,  gu
which yields the NF value of
J2 +1
NF |y =14 —2—— 3,241 (3.10)
2-27R\G,  gu

Comparing equation (3.8) with (3.10) shows that the modified
circuit can achieve much lower noise figure. Assuming, for example,
that G, = g3 = Sm, equation (3.10) gives a noise figure value of
40.4 dB lower than equation (3.8).

Next, a simulation was conducted to verify the effectiveness of
the improved LNTA linearization technique. Fig. 3.3 shows the
simulation results of the linearized transconductor. Two tones, 1003
MHz and 1005 MHz, are applied to the input, and the IMD3
component is generated at 1001 MHz. The magnitude of the output
current is normalized by linearization—off output current. When the
linearization is turned on, the IMD3 component is reduced up to
30.5 dB, which proves that the linearization is effective. While
linearity increases, the transconductnance is reduced to (2 — ¥2)G,,
as a trade—off.

In addition, the LNTA is designed to operate in two modes. Fig.

3.4 shows the two operating modes of the linearized LNTA. Fig. 3.4



—a— Linearization
Off
—e— Linearization

Normalized Output Current (dB)

! ! ! !
1003 1005 1007 1009

Frequency (MHz)

T T
999 1001

Fig. 3.3 Simulation results of the improved linearized

transconductor.

(a) is a high—linearity mode, in which both the main path and the
auxiliary path are turned on to operate the linearization circuit. The
total G, value of the circuit is reduced to 0.74G, and has a
relatively high noise figure, but high linearity can be achieved due
to removal of the IMD3 component. If the auxiliary path is disabled
as shown in Fig. 3.4 (b), the circuit operates in low—noise mode. In
this case, only an inverter circuit having a transconductance of 2G,
1s operated, so that it exhibits a low noise figure and an moderate

linearity. The noise figure in low—noise mode is given by the
r ] O -
55 -"*-_i - - ]



following equation, which is equal to the noise figure of a simple

inverter circuit with 2, of transconductance:

3 J2+1
NFlLNTA:1+(2 %/7/5)2}2 (G_-i_\/g_-’_ J (3.11D)
- S m mL

Table 3.1 shows the simulation results of the circuit operation
in the two modes. The comparison shows high IIP3 value in high—
linearity mode, but it still shows high noise figure because it
operates with LNTA. Therefore, a noise cancelling receiver
structure for constructing a low—noise receiver circuit that can

operate in a wide band will be described in the next section.

(a) (b)

Fig. 3.4 Linearized low—noise transconductance amplifier in (a)

high—linearity mode, (b) low—noise mode.
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TABLE 3.1

SIMULATION RESULTS COMPARISON OF DUAL MODE LNTA

Mode High—Linearity Low—Noise
Total Gm 0.74 2
NF (dB) 8.24 1.53
IIP3 (dBm) 12.37 5.0
57 .H L
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3.2. Wideband Noise—Cancelling Receiver

Architecture

The basic architecture of the wideband receiver, shown in Fig.
3.5, consists of an LNTA, a passive mixer, and a baseband
transimpedance amplifier (TIA). The LNTA converts the input
voltage signal to a current with a transconductance of G, and the
passive mixer converts the RF current down to the baseband using
local oscillator (LO) signals. To generate in—phase (I) and
quadrature (Q) signals, a mixer driven by 25 % duty—cycle LO
signals is used. The baseband current is then converted into a
voltage output in the TIA stage. The TIA consists of a high—gain
operational amplifier and feedback resistors. By changing the
feedback resistor value, transimpedance can be adjusted. This
architecture is promising for the wideband receiver since the RF
voltage swing is suppressed by the LNTA, and the risk of receiver
saturation by the blocker signal can be reduced.

In the wideband receiver, the LNTA based on an inverter circuit
is generally used. Yet, the inverter has high input impedance due to
the gates of the MOSFETSs. Since 50 £ wideband input matching is
necessary for the wideband receiver, high input impedance becomes
a demerit.

To achieve the characteristic of wideband input matching, the

global feedback architecture described in [44] is employed. Fig 3.6
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Fig. 3.5 Basic architecture of the current—mode wideband receiver.
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Vout

Fig. 3.6 Input matching using global feedback.

shows a wideband receiver with global feedback. The negative
feedback of the baseband current to the input node of the LNTA can
accomplish 50 £ input matching. The feedback resistor /s adjusts
the amount of feedback current from the baseband voltage output.
With the feedback architecture, the input impedance 2, of the

receiver becomes

R
il p (3.11)

22 V2

1+G, —Z,,(Aw)
/4

Z (0,,+Aw)=

where Zpp is the transimpedance of the baseband TIA. Therefore,

50 £ input matching can be achieved by adjusting Kz and Rru.

Equation (3.11) also denotes that Zzpdetermines the shape of the

receiver input impedance, which is close to 50 £ at the center
3]

—
v |
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Fig. 3.7 Schematic of operational amplifier in baseband TIA.

frequency, and reaches high impedance as the frequency offset 4 w
increases. Fig. 3.7 shows the schematic of operational amplifier in
baseband TIA. The amplifier consists of two stages. The first stage
1s based on a differential amplifier to achieve high gain, and the
second stage uses pseudo—differential inverter circuits to produce
a high voltage swing output.

The blocker signal is attenuated due to the high input
impedance at the blocker frequency, but a large blocker signal can
still generate the IMD3 component at the LNTA output. To reduce
the IMD3 component, a transconductor linearization method studied
in Chapter 2 is adopted to the LNTA.

Although transconductor linearization can be achieved by this

method, the additional circuits used in linearization generate
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excessive noise. To improve the noise performance of the receiver,
a noise—cancelling technique is adopted [61] [62]. Fig. 3.8 shows
the complete wideband receiver architecture with this noise—
cancelling technique. An auxiliary path is added to the receiver in
Fig. 3.6, and the second—stage TIA is added as a summation stage.
In—band signals, which are applied to the inputs of LNTASs, are
amplified and added in—phase at the summation stage. Noise signals
generated in main—path circuits are fed back to the input node, and
the polarity of the signal is reversed. This noise signal is sensed by
the auxiliary—path circuits, so adjusting the auxiliary—path gain can
generate a signal that has the same amplitude and reverse polarity
as the original noise signal. Therefore, the noise signals at the TIA
outputs of the main and auxiliary paths cancel each other.

A clock generator is designed to create LO signals for a four—
phase mixer. To generate 25 % duty—cycle non—overlapping LO
signals, a divide—by—four circuit is implemented. The LO signals

are generated by combining the outputs of the divider circuits.
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Fig. 3.8 Block diagram of the proposed receiver.
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Clock"
IGenerator

Fig. 3.9 Chip die micrograph.

3.3. Measurement Results

The designed receiver was fabricated using a standard 65 nm
CMOS process. The chip die micrograph in Fig. 3.9 shows the chip
size (960 gm X 650 pm) with pads.

Fig. 3.10 shows the input matching characteristic of the
receiver. As expressed in equation (3.11), optimum input matching
of 50 2 is achieved by adjusting resistor values. By changing the
LO frequency, the S;; values are maintained below —10 dB from 25
MHz to 2 GHz. Since the clock generator employs true single phase

clock (TSPC) logic, it requires a reference clock frequency of 4L.O

: ek As,
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Fig. 3.10 Input matching characteristic of the receiver.

to create an LO signal. The high frequency clock requirement limits
the mixer operation range.

The in—band gain and noise figure performance of the receiver
is plotted in Fig. 3.11 For the gain measurements, an external
amplifier was used to transform a differential baseband signal into a
single—ended signal and drive a 50 £ load. The external amplifier
gain was de—embedded after this measurement. The maximum in—
band gain is 49.7 dB, and the 3 dB cutoff frequency appears at 25
MHz for the lower bound and 2 GHz for the upper bound. The

minimum noise figure achieves 5.1 dB when the linearization
¥
T
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Fig. 3.11 Gain and noise figure performance of the receiver.

circuits are off (low noise mode).

The measurement is performed with an offset frequency sweep
at the baseband. Fig. 3.12 shows the gain, the 1 dB compression
point (P1dB), and IIP3 measurement results. The single—tone of 1
GHz is applied to measure the gain and the P1dB. The 3 dB
bandwidth of the conversion gain is 9 MHz. The P1dB measurement
results show a relatively low P1dB at the in—band due to the high
level of gain, and the value increases as the offset grows. For the
[IP3 measurement, the two—tone test is performed. The first tone

at f; = f10 + 4f and the second tone at fo = 10+ 24f-1 MHZ are _
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Fig. 3.12 Gain and P1dB measurement results.

applied to the input. This frequency setup always generates IMD3
components at 1001 MHz. Before the linearization circuits are
turned on, the maximum IIP3 value is —18.39 dBm. When the
linearization is turned on, the maximum IIP3 value is increased to
—6.9 dBm; as shown in Fig. 3.13, the linearization method increases
the TIP3 values up to 12.3 dBm. The receiver measurement results

are summarized in Table 3.2.
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Fig. 3.13 Measured IIP3 with linearization on/off.
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TABLE 3.2
MEASUREMENT RESULTS SUMMARY

Topology Noise Cancelling
Frequency (GHz) 0.025-2
) 49.7 (Linearization off)
Gain (dB) 45.3 (Linearization on)
5.1 (Linearization off)
NF (dB) 7.6 (Linearization on)
Supply Voltage (V) 1.2
Current (mA) 16-24
—18.39 (Linearization off)
LIP3 (dBm) —6.9 (Linearization on)
Area (mm?) 0.39
Process (nm) 65
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3.4. Conclusions

In this chapter, a wideband receiver using a linearized
transconductor is proposed. An LNTA is designed using
linearization technique, and noise analysis of LNTA is described. A
global feedback structure is applied to accomplish the wideband
input matching. To enhance the receiver's linearity performance, a
linearization method that cancels the IMD3 components is adopted
for the LNTA. Additionally, a noise—cancelling architecture is
applied to reduce the excessive noise from additional circuits for
linearization. The measurement results show the wideband
characteristics of the receiver, and the significant improvement to

IIP3 performance proves that the linearization method is effective.
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Chapter 4. Blocker—Tolerant Wideband Double

Noise—Cancelling Receiver Front—End

This chapter describes how to further improve the performance
of the linearized wideband noise cancellation receiver designed in
the previous chapter. Although previous studies have shown that
linearized LNTA can significantly improve the 1IP3 performance of
the receiver, additional noise due to added circuits for linearization
does not achieve excellent noise figure performance despite the use
of noise cancelling techniques. Therefore, in this chapter, we will
study the structure of LNTA that can achieve both linearization and
noise cancellation simultaneously, and the circuit components that
make up the wideband receiver will also be modified to achieve
higher performance.

Section 4.1 suggests ways to improve the noise figure
performance of the circuit while maintaining the linearity of the
linearized LNTA. We will describe a technique for effectively
attenuating the IMD component while simultaneously applying the
RF noise cancelling technique to the LNTA. Next, Section 4.2 will
use the modified LNTA to design a wideband receiver using
feedback as in Chapter 3. A wideband input matching and a noise
cancellation method through the auxiliary path will be applied,
thereby completing a double noise cancelling wideband receiver.

The baseband TIA that configures the receiver and the clock
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generator for the mixer LO signal generation will also be improved.
Section 4.3 will show the measurement results of the designed dual
noise cancelling wideband receiver and confirm that the fabricated
receiver 1s resistant to external blocker signals and compare it with
previous studies. Finally, we will summarize the conclusions in

Section 4.4.
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4.1. Linearized Noise—Cancelling Low—Noise

Transconductance amplifier

In Chapter 3, the linearization technique has been proposed to
suppress IMD3 components generated in LNTA. In the proposed
method, the input voltage and output current of the
transconductance amplifier are approximated as 7, = Gumi Vi *
GasVi’. Here, G,; represents the fundamental transconductance of
the transcondcutor, and G,z represents the term for generating the
IMD3 component. The linearization circuit consists of two paths,
and by adding the output current in each path, the linearization is
achieved by cancelling the third—order term.

However, there is a problem that the G, value of the entire
circuit becomes small due to the trade—off for increasing the
linearity of the LNTA, and the noise figure rises. Therefore, this
section will show how to configure the linearization circuit with
minimal performance degradation. Fig. 4.1 is a generalized block
diagram of the linearized LNTA circuit proposed in the previous
chapters. The Gm ratio of the upper and lower paths is assumed to
be N : 1. By adjusting the main G, value of the upper path and the
gain of the voltage amplifier of the lower path, the linearized output
current can be obtained by removing IMD3 at any time. The

linearized output current can be expressed as
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Fig. 4.1 (a) Block diagram of linearized transconductor with Gy, ratio
of N : 1. (b) Schematic of the voltage amplifier and unit

transconductor.

I, =i +i
=NG V, + NG V> +(—ING V, —-RINY G V?) (4.1)
= (N-IN)G,V, .
In this circuit, the noise figure of the whole LNTA can be

calculated as follows:
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Fig. 4.2 Plotted noise figure as the G, ratio NVincreases.
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Fig. 4.3 Calculated IMD5 coefficient with Gy, ratio of V.
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3
NF | ypy e =1+ 3}/ 2 N+1+\/ﬁ+l : (4.2)
(N_\/N) Rs Gm gmL

The above equation can be used to predict how the noise figure
of the LNTA changes as Nincreases. Fig. 4.2 shows the result. It is
clear that the graph shows that as N increases, a lower noise figure
can be obtained. If so, it would be a good idea to continue increasing
N, but there is one more factor to consider. It is about the fifth—
order intermodulation distortion component (IMD5). In the
linearization method of LNTA, the IMD3 component were mainly
considered and cancelled because the coefficients of the IMDb5
components were very small and negligible. Also, at low input
power, only the third—order term was considered and the fifth—
order term can be neglected. However, it should be noted that
increasing the N in the linearization scheme of Fig. 4.1 will always
cancel out the IMD3 component, but not the fifth—order component.
If both the third and fifth order nonlinearities are taken into
consideration, the output current can be expressed as follows :

1, =i+i,
= NG, V, + NGV} + NG V: +(ING,V, -RAINV G 7} ~RINY G 75)

m3 mS
=(N=IN)G,J,, +(N-N" )G, ;.
(4.3)

As can be seen from the equation (4.3), the coefficient of the
IMD5 component becomes larger as N increases. The graph of the
IMD5 coefficient according to the change of N is shown in Fig. 4.3.

Since the IMD5 grows 5 times faster than the fundamental
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Fig. 4.4 Graph of cost function versus the G, ratio.

signal, the linearity of the LNTA may be rather reduced if this
coefficient is increased. Furthermore, care must be taken in
situations where a large blocker signal enters the input at the
wideband receiver. Since there is a trade—off between the noise
figure and the coefficient of IMDD5, let's define a cost function to
minimize performance degradation.
Cost Function = Noise factor x IMDS5 Coefficient (4.4)
The above equation is plotted in Fig. 4.4. As a result, the noise

figure and the IMD5 component can be kept low when N = 4. Based
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Fig. 4.5 Block diagram of noise—cancelling LNTA.

on these results, the G, ratio of the linearized LNTA was
determined as 4 : 1.

Comparing N = 2 and N = 4, it can be seen that the noise figure
improves by about 8 dB. Assuming that the value of unit G, is 7.5
mS and the value of g,; is 10 mS, the equation (4.2) gives a noise
figure of about 8.67 dB. The modified linearized LNTA still exhibits
high noise figure performance compared to a simple inverter circuit,
and a way to improve it can be investigated.

To improve the noise performance of modified linearized LNTA,
a noise—cancelling method in the RF band is applied [63]. Figure
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Fig. 4.6 Block diagram of linearized noise—cancelling LNTA.

shows the linearized LNTA with RF noise cancelling technique. This
method feeds back the noise at the output node and amplifies it with
another transconductor to cancel it. The feedback resistor Ky uses
a large value (20 k) to minimize the transconductance reduction
of the LNTA. A secondary LNTA based on an inverter circuit was
used to amplify the feedbacked noise in opposite phase. This is
named LNTA for noise cancelling and is denoted as Gyne It should
be noted here that after adjusting the ratio of G, for linearization
and applying the noise cancellation technique, it deviates from the

optimum Gy, ratio. Thus, the noise is cancelled but the linearization
} ¥
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1s not completely performed. Therefore, we propose the following
method to remove the noise while maintaining the linearization
technique.

The proposed noise cancelling LNTA is shown in Fig. 4.6. The
LNTA of the main path is divided into two LNTAs, and the sum of
the total transconductance is designed to be 4 G . As a result, the
G, ratio of the transconductors in the main path and the auxiliary
path is kept at 4 : 1, and the cancellation of the noise occurs in the
baseband after downconversion by the passive mixers. This circuit
structure can achieve both linearization and noise cancellation of the
transconductor, and it can alleviate the performance degradation
caused by the blocker. In addition, the configuration in which two
mixers are connected in parallel has the same effect as reducing the
resistance of the mixer in half, and has the advantage of reducing
the voltage swing before the TIA by lowering the input impedance
at the following stage of the LNTA. Adjustment of the G, and
Gmne values can cancel the noise from the lower path (voltage
amplifier, G, uns and Guum), SO that G e is the dominant contributor

to noise. If all the noise in the lower path is cancelled, the only

noise source in the LNTA is Gy ane, Where the noise figure becomes :

+ 4 .
(4-3/4)G, \ R,

(4.5)

NF |Lin.N.C. LNTA—

The noise figure performance of the LNTA has been improved
much more than the circuit in Chapter 3. In order to eliminate the

performance degradation caused by the parasitic of non—ideal
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MOSFET switches, the LNTA circuit is designed to operate as one
fixed circuit without discriminating the operation mode. By applying
noise reduction techniques in addition to linearity and technique, the
modified LNTA circuit can achieve the similar level of noise figure
as that of the inverter while maintaining the same level of linearity
as the LNTA in Chapter 3.

The performance of the modified LNTA was investigated by
simulation. The transconductance values and its derivatives of the
main amplifier, 4G, (Gprom) and the linearized G, ((4 — V4)G,)are
plotted in Fig. 4.7. A large—signal transconductance can be obtained
by using the peak—to—peak value of the input voltage (V,..) of the
circuit and the peak—to—peak value of the output current (/,..), and
thus the linearization of the LNTA can be analyzed. The value
obtained by differentiating G,, (fundamental transconductance) once
is denoted by Gs and that obtained by differentiating G2 once
again is Gps It can be seen that the linearized G,, of Fig. 4.7 (b) is
smaller than the G from Gpwm in Fig. 4.7 (a). In addition, the
graph shows that the G,3 value of the linearized LNTA is close to O
when the V.. value is small, and the IMD3 component gradually
increases when the V., reaches 400 mV (when the input power is
about —4 dBm). Simulation results show that modified LNTA using
4 1 Gy ratio can operate with tolerance to large blocker signal,
making the wideband receiver resistant to the blocker. The design
process for a wideband receiver using this LNTA and description of

other blocks of the receiver will be presented in the next section.
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4.2. Wideband Double Noise—Cancelling Receiver

Front—End

A wideband receiver was designed using the linearized noise
cancelling LNTA. Fig. 4.8 1s a block diagram of the wideband
receiver with a double noise cancelling scheme. A linearized LNTA
is used as the main G, and a feedback path in the baseband is added
using the resistor K. This path can be used to feedback the noise
in the baseband to the RF input node while achieving wideband input
matching [44]. The input impedance of the circuit which the

feedback is added becomes:

Z (@, +Aw)~—= Ry (4.6)
in LO ~ b .
2, G, QZBB(AQ))
VA

where 4 w is the offset from the center frequency and Zpp is the
transimpedance value of the baseband TIA. Zzz is adjustable by
varying the feedback resistance of the TIA, and additionally
controlling K4 can achieve 50 £ input matching over wideband.
Next, a second noise cancellation operation is enabled by adding
an auxiliary path to the receiver circuit. The RF noise that has not
been completely removed in the LNTA stage (noise due to G0
and noise from the baseband TIA are upconverted back through s
and removed by combining in the baseband via the auxiliary path.
Fig. 4.9(a) shows the circuit diagram of the baseband TIA. The

TIA consists of two stages, a circuit based on the Tow—Thomas
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Fig. 4.8 Block diagram of double noise—cancelling receiver front—

end using linearized noise—cancelling LNTA.

biquad filter. The attenuation of the blocker signal can be further
increased through the second—order filtering operation. It is
designed to adjust the gain and bandwidth of the TIA by changing
the feedback resistor and capacitor values. A block diagram of the
amplifiers in the TIA is shown in Fig. 4.9(b). It is made up of
pseudo—differential amplifiers, and all the components are designed

.
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Fig. 4.9 (a) Schematic of baseband TIA. (b) Block diagram of
operational amplifier in baseband TIA and its common—mode

control circuit.
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Fig. 4.10 Schematic of dual switch mixer.

using simple inverters. This can maintain high linearity in the
baseband, and suppresses the effect of flicker noise by using a long
channel transistor in the inverter circuit. In addition, a common
mode control circuit consisting of inverters is designed [64].

In order to mitigate the performance degradation of the receiver
by the blocker, a dual switch mixer structure has been adopted. The
circuit diagram of the dual switch mixer is shown in Fig. 4.10. This
circuit adds one more switch set in the passive mixer, and the
added switches are driven by the LO signal in phase opposite to the
original mixer switch. Here, a capacitor is connected in series to the
additional switch path (Cuzy), and the output is added again to
complete the dual switch mixer. There are two advantages of
adding a mixer switch. First, the resistance by the MOSFET switch

i1s equal to half of the original one. In current—mode receivers, it is
3 L, -
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Fig. 4.11 Block diagram of entire receiver front—end.

important to maintain a low impedance from the output of the LNTA
to the input of the baseband TIA, so a low impedance can be
achieved using a dual switch mixer. Second, the upper switch and
the lower switch operate with LO signals of opposite phases, so that
the blocker current can be attenuated. The series—connected
capacitor Cygy appears to have a low impedance for the blocker
signal that is distant from the center frequency, so that the blocker
signals are combined in opposite phases in the output node. On the
other hand, the in—band signal does not pass through the capacitor

3 ' 1 1 N
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because Cyyy appears to have a high impedance, and as a result, the
attenuation of the in—band signal hardly occurs. In the previously
designed double noise cancelling receiver, a dual switch mixer was
applied to all mixers except the feedback path.

The structure of the entire receiver is shown in Fig. 4.11. The chip
includes a main LNTA, auxiliary LNTA and mixers, and baseband
TIAs with a clock generator. The same baseband TIAs are used in
main, auxiliary and summation stages. The clock generator is
designed using a current—mode—logic (CML) type divider and
requires an external signal of 27 The clock signal is converted
into a differential signal through an external balun, which is divided
into signals with a phase difference of 90 degrees in the CML
divider. Then the signals passed through the AND gate will have a
duty cycle of 25 % to drive the mixer. The circuit block diagram of

the clock generator is shown in Fig. 4.12.
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Fig. 4.12 (a) Block diagram of clock generator. (b) Schematic of the

CML divider.
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Fig. 4.13 Die micrograph of the fabricated chip.

4.3. Measurement Results

The designed chip was fabricated using 65 nm standard CMOS
process. The total chip size is 890 gm x 820 gm and the active
area excluding the pad is 650 gm x 640 gm. Fig. 4.13 is a
micrograph of the fabricated chip. The supply voltage is 1.2 V and
the current consumption is 37—63 mA. In LNTA and baseband TIA,

. o 2
00 (5 A edistw
Ripuee.  SECRIL MATIOMAL | BMNERSITY



S11 (dB)

104

204

304

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

0.0

| |
1.5 2.0
Frequency (GHz)

Fig. 4.14 Measurement result of input matching characteristic.

circuit.

34 mA is constantly consumed and current consumption increases

as the operating frequency increases, due to the clock generator

The operation frequency range of the receiver based on the S;;

value (S;; < =10 dB) was measured from 60 MHz to 3 GHz, and the
results are shown in Fig. 4.14. This result shows that the input is
well-matched to real 50 £ due to the feedback architecture. The
limit of the operating frequency of the receiver is due to the clock

generator. Because the passive mixer used in the receiver requires
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Fig. 4.15 Measured gain and noise figure.

a square wave that swings from O V to VDD for operation, its
performance is degraded unless the LO signal is in the correct
square wave form. Also, because the CML divider circuit used in
the clock generator also has an operating frequency range, it cannot
operate at very high frequencies.

Fig. 4.15 shows the gain and noise figure for the LO frequency
changes. In all bands, the gain is even around 42 dB. The noise

figure shows the lowest value of 1.4 dB at the low frequency side,
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Fig. 4.16 Measurement result of baseband frequency sweep.

but the performance has gradually decreased with increasing
frequency.

Fig. 4.16 1s a graph of baseband gain over frequency offset. It
can be seen that the frequency response of the baseband TIA is in
the shape of a low—pass filter. Here, by adjusting the feedback
capacitor value of the TIA circuit, it is possible to further attenuate
the out—of—band blocker signal. The maximum gain of the receiver

was about 42 dB and the in—band signal bandwidth was measured at

about 10 MHz.
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Fig. 4.17 Linearity measurement results of the receiver.

Fig. 4.17 shows the linearity measurement results of the
receiver at 500 MHz. The input—referred second—order intercept
point (IIP2) and IIP3 values of the receiver were measured using a
two—tone signal. For [IP2 measurements, the frequencies used are
f1=t,+4f and fo=f,+4f+800 kHz, respectively. For IIP3
measurements, f;=f,+4f and f.=f,+24+800 kHz were used. A
high IIP3 value of 5.15 dBm was obtained using the linearized

LNTA. The IIP2 value was larger than 40 dBm in the out—band.
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A figure—of—merit (FOM) 1is proposed to compare the
performance with other wideband receivers studied so far. In the
case of a wideband receiver, it is often difficult to set a specific
communication standard, so it 1s unclear to compare the
performance by verifying that the specification of the
communication standard is satisfied. Therefore, we will
quantitatively compare the performance of the receiver using the

following equation. The equation for FOM calculation becomes:

(4.7)

FOM = 10. log[Gain [dB]-1IP3 [mW - ([, / fzow)}

(F=1)-F, [mW]

where Gain is the total gain of the receiver in dB, /4, is the highest
operating frequency, and f,, 1s the lowest operating frequency. So,
the term (fe, / f,w) represent the fractional bandwidth of the
wideband receiver. The IIP3 value was used as an index of linearity
and the unit was converted to mW to compare. / denotes the noise
factor, and P, is the power consumption.

The measurement results are summarized in Table 4.1 and
compared with the results of previous studies. This design has the
widest fractional bandwidth in the operating frequency section. The
linearized LNTA and double noise cancellation technique can

achieve the lowest minimum noise figure and good IIP3 value.

95 S H_, T} ¢



TABLE 4.1

MEASUREMENT RESULTS SUMMARY AND COMPARISON

[35] [44] [46] This work
Type Calisieileing Calicc:)éileing Caljcc:);sl,leing Double N.C.
Frfg‘ﬁezl;cy 0.08-2.7 | 0.7-3.8 | 0.1-2.8 | 0.06-3
Gain (dB) 72 42 50 42.6
NF (dB) 1.9 1.6-3.2 | 1.5-2.3 | 1.4-85
1IP3 (dBm) 13.5 1 5 5.15
IIP2 (dBm) 54 > 75 50 40
Volst‘;z:}zv) 1.3 1.2 1.1 1.2
Current (mA) | 27-60 |22.8-34.9|24.5-36.4 | 37-63
Active Area 1.2 0.15 0.8 0.42
(mm®)
Process (nm) 40 65 40 65
FOM 34.4 13.7 26 26.1
o¢ Sk
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4.4. Conclusions

By improving the linearization technique of the transconductor,
an LNTA that can perform linearization and RF noise cancelling
operation simultaneously is designed. The optimal Gy, ratio for low
NF and IMD5 is set to 4 : 1. Then, a second noise cancellation is
performed by adding the feedback and the auxiliary path in the
baseband. The dual switch mixer architecture is adopted to further
attenuation of the blocker signal. The entire receiver -circuit
consisted of inverter circuit, resistor, and capacitor, and showed
wideband operation characteristics ranging from 0.06 GHz to 3 GHz.
The proposed receiver achieves a high IIP3 value by the
linearization technique and a low noise figure by the noise
cancelling technique, which is suitable for a wideband receiver

which must withstand an external blocker.
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Chapter 5. Conclusions

This thesis investigates a wideband receiver as one of the
methods to implement a practical SDR receiver. We have
investigated the out—of—band interference signal or blocker, which
is a problem of wide—band receivers, and studied ways to
effectively eliminate them. As a result of analyzing previous studies,
there are three methods for blocker removal. The first method uses
an N—path filter, which has the advantage that a variable band—pass
filter can be designed, but the noise figure performance of the
receiver is degraded. Next, we reviewed a receiver with a feed—
forward structure, which requires a lot of effort to achieve good
performance due to the relatively complicated receiver structure. In
this thesis, we developed a wideband receiver based on the
current—mode structure and tried to remove the blocker. The
contents of the step—by—step research are as follows.

First, in Chapter 2, the method of increasing linearity of the
transconductance amplifier is studied. In the current—mode receiver,
LNTA has a high G, value to achieve low noise figure, but high G
value leads to low linearity (low IIP3 value). To solve this trade—
off, we proposed a linearization method of transconductor. The
proposed technique is to cancel the intermodulation components in a
feed—forward manner using two paths. A transconductance of 26,

transconductor was placed in the main path, an amplifier with a gain
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of 2 and a G,—sized transconductor were laid in the auxiliary path.

This structure allows the fundamental signal to have different
magnitude and the IMD3 component to have the same magnitude at
the output. As a result, the entire transconductor circuit could have
high linearity due to the removed IMD3 component. A high—pass
filter that can be reconfigured using a linearized transconductor was
designed and proved its performance. The resulting circuit achieved
a high IIP3 performance of 19.4 dBm.

Using the linearized transconductor developed in Chapter 2, the
wideband receiver was designed in Chapter 3. First, since the
linearized transconductor had a very high noise figure due to the
additional circuitry used for linearization, we proposed a more
suitable form for the linearized LNTA through noise analysis. The
LNTA is designed to operate in low—noise mode when there is no
blocker and switched to operate in high—linearity mode when
blocker is present. We also applied a noise cancelling technique to
the receiver to further improve the noise figure performance of the
wideband receiver circuit. A feedback path was added to the
current—mode receiver structure consisting of LNTA, mixer, and
baseband TIA, and the noise signal could be detected using this
feedback path. This feedback path also serves to keep the
receiver's input match at 50 £ across the wide bandwidth. By
adding an auxiliary path to the receiver, the in—band signal is
amplified and the detected noise is canceled at the baseband. The

completed circuit exhibited wideband performance from 0.025 GHz
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to 2 GHz, and good IIP3 performance of —6.9 dBm in the high—
linearity mode. However, the noise figure performance is relatively
poor at 5.1 dB, and there is room for improvement.

Finally, in Chapter 4, a double noise—cancelling wideband
receiver circuit by improving the performance of a wideband
receiver with high immunity to blocker signals is designed. In
previous receivers, the LNTA was operated in two modes
depending on the situation. In the improved receiver, the G, ratio of
the linearized LNTA was changed to achieve lower NF with high
linearity, and the RF noise—cancelling technique was applied. The
input matching and noise cancelling scheme introduced in the
previous circuit was also applied and a wideband receiver circuit
was designed to perform double noise—cancelling. As a result, the
linearization and noise—cancellation of LNTA could be achieved at
the same time, and the completed receiver circuit showed high IIP3
performance of 5 dBm with minimum noise figure of 1.4 dB. The
FOM value shows the performance of the designed wideband
receiver is at the state—of—the—art.

In conclusion, a receiver that can operate in wideband and
tolerant to the blocker using the current—mode receiver structure
was developed. A linearization method of transconductor was
proposed to maintain high linearity  without generating
intermodulation components by blocker in RF band and the result
was applied to LNTA to design a wideband receiver. A wideband

receiver was fabricated by applying the techniques for input
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matching and noise cancellation. The measurement results
demonstrate that the proposed method is suitable for practical SDR

receivers.
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