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Abstract

The ever-growing demand for high performance wireless connectivity has led to the
development of fifth-generation (5G) wireless communication standards as well as satellite
communication (Satcom). Both 5G wireless communications and Satcom use higher carrier
frequencies than traditional standards such as 4G and WiFi. While the higher carrier fre-
quencies allow for larger bandwidths and faster data rates, they come with the cost of high
free-space path loss. This high loss necessitates the use of active phased array antennas,
which can require hundreds of integrated circuits (ICs) designed in Complimentary Metal-
Oxide Semiconductor (CMOS) processes. Furthermore, in a future world with ubiquitous
5G wireless base stations and Satcom users, it is conceivable that Satcom receivers can
be jammed by high-power Satcom transmitters and 5G signals. Therefore, Satcom phased
arrays must be designed for resilience against these sources of interference while supporting
high data rates.

One of the key components in a Satcom receiver is the low-noise amplifier (LNA).
It is responsible for amplifying the weak, noisy signal received from the satellite into a
signal with sufficiently high signal-to-noise ratio for demodulation. One possible solution
for making the phased array resilient to sources of interference is to embed filtering in the
LNA.

This thesis presents two LNA designs that employ embedded filtering for resiliency
to interference from 5G wireless signals and Satcom transmitters. First, the circuit-level
specifications of a 17.7 - 21.2 GHz (K-band) LNA for satellite communication phased
array beamformers are derived from the system requirements. Next, the LNA designs are
presented. The first LNA is designed to have out-of-band filtering at 24-30 GHz, which
corresponds to the bands containing both 5G and Satcom transmitter interferers. The
second LNA is designed to have out-of-band filtering at 27-30 GHz, which addresses a
different scenario where the Satcom transmitter is the sole source of interference. Both
LNAs are implemented in the Global Foundries 130nm 8XP Silicon-Germanium Bipolar
CMOS (SiGe BiCMOS) process. A novel transformer feedback notch is introduced that
enhances the filtering capabilities of the amplifier. The full electromagnetic simulation of
the first LNA shows a peak gain of 28.8 dB, a minimum noise figure of 1.85 dB, and and
input 1 dB compression point (IP14g) greater than -17 dBm between 24 and 30 GHz. The
second LNA shows a peak gain of 27.9 dB, a minimum noise figure of 1.78 dB, and an IP14g
greater than -15 dBm between 27 and 30 GHz. Both LNAs meet specifications sufficient
for a Satcom receiver at the same time as having resiliency to out-of-band interference
sources.
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Chapter 1

Introduction

1.1 Motivation

The evolution of wireless communications infrastructure is a seemingly never-ending phe-
nomenon in modern society. In 2009, the 4G Long Term Evolution (LTE) mobile commu-
nications standard was released. While 4G LTE technology has continued to develop since
then, there has also been considerable development in the technologies for 5G millimeter-
wave communications and satellite communications [14][3].

1.1.1 Satellite and 5G Communications

Satellite communications (Satcom) allow for widespread internet connectivity across the
world in both urban and rural areas. Companies such as SpaceX, Amazon, OneWeb, and
Viasat are all major contenders in the eld and are deploying networks to enable this tech-
nology [15]. Satellite communications involve three main components: 1) a constellation
of satellites orbiting the planet, 2) a gateway network on the ground that serves data from
ber connections over the air to satellites, and 3) user terminals on the ground that re-
ceive and transmit user data. This architecture is illustrated in Figure 1.1. The Satcom
downlink is when the satellite transmits data to the user and the user receives. The uplink
is when the user transmits to the receiving satellite. Satcom systems often use frequency-
division duplexing (FDD), meaning both the uplink and downlink are operational at the
same time, but use separate carrier frequency bands [3].



Figure 1.1: Satellite communications architecture [1].

In addition to satellite communications, future wireless communications will include
5G millimeter-wave (mm-wave) infrastructure. 5G mm-wave communications will involve
a large number of base-stations in urban environments with small cell sizes on the order
of 100 meters [14]. These \micro-cells" allow for gigabit data speeds to users, despite the
high free-space path loss at millimeter wave frequencies.

The frequencies used for Satcom and 5G in the lower mm-wave frequencies are shown
in Figure 1.2. Ku-band satcom uses the 10.7 - 12.75 GHz for the downlink, and 14 - 14.5
GHz for uplink [16]. K/Ka-band satcom uses 17.7 - 21.2 GHz for the downlink and 27.5
- 31 GHz for the uplink [4][17]. One of the 5G bands is 24.25 - 29.5 GHz, which overlaps
with the Satcom Ka uplink band and is close to the K-band Satcom dowlink frequencies

[14].

Figure 1.2: Low-millimeter wave frequency bands for Satcom and 5G communications (axis
not to scale)

1.1.2 Phased Array Antennas

The Satcom bands shown in Figure 1.2 have relatively high atmospheric attenuation, which
is a problem due to the long distance that Satcom signals travel between the satellite and
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user terminal. Figure 1.3 shows the atmospheric attenuation vs. frequency and how it
increases with frequency. Furthermore, high frequency signals inherently experience higher
free-space path loss (FSPL) due to their smaller wavelength, which is shown in (1.1), where

r is the distance,f is the frequency, andc is the speed of light. Therefore, conventional
single-antenna designs used in relatively lower frequency wireless communications such as
in 4G LTE are not suitable for Satcom systems.

4rf 2

FSPL = (1.1)

Figure 1.3: Atmospheric attenuation vs. frequency [2].

To overcome the high free space path loss, Satcom systems employ phased array anten-
nas. A phased array antenna is any collection of antennas where each antenna transmits
or receives the same signal but at di erent phases. Each antenna of a phased array re-
quires its own transmitter or receiver chain that includes gain control and phase shifting
components. Figure 1.4 shows an example of a receive phased array employing an RF
beamforming architecture, with Figure 1.4a showing the conceptual block diagram and
Figure 1.4b showing an example array implementation. The block diagram shows how the
array consists of a collection of elements, each connected to a receiver that has a gain stage,
a phase shifter, and a variable attenuator. All of these paths are combined into an output
signal, which is then connected to a demodulator (not shown). As shown in Figure 1.4b,
an example implementation of this architecture is to use PCB-based patch antennas as
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the antenna elements, and beamformer integrated circuits (ICs) that contain the receiver
chains. The phase shifter allows a di erent delay to be added to each path, which allows
the direction of reception to be steered, known as "beam-steering."

@) (b)

Figure 1.4: A phased array receiver. (a). Conceptual block diagram. (b) An example
phased array receiver [3].

Phased arrays overcome high free space path loss and atmospheric attenuation by way
of power combining. In the receiver, when the signals from all the paths are combined,
the signal adds constructively while the noise power, since it is uncorrelated between each
path, stays the same at the output. Therefore, phased arrays see a N-fold factor increase
in signal-to-noise (SNR) ratio compared to conventional antennas. The tradeo is that as
more elements are added to the array, the array becomes more directive. Conceptually,
higher directivity means it is able to receive more radiation power, but the area in the far-
eld from which it receives that power becomes narrower (i.e. the beam becomes narrower)
[18]. In order for the array to transmit or receive signals from multiple directions, it needs
a phase shifter for each antenna element, which is often part of the beamformer ICs such
as in Figure 1.4.

The high directivity of phased arrays make them suitable for millimeter wave com-
munications. Since, as shown in Figure 1.4, phased arrays receiver require electronics for
each array element, the design of the electronics and beamformers of phased arrays is an
interesting problem. The design of these electronics is the topic of this thesis.



1.2 Problem Statement

With the improvements in silicon CMOS and SiGe technologies for radio-frequency (RF)
and millimeter wave applications over the last two decades, it is becoming increasingly
attractive to implement phased array beamformers using integrated circuits (ICs) man-
ufactured with these processes. The high integration level, high yield, and low cost of
silicon technologies allows for the mass production of low-cost phased array antennas for
satellite communications (Satcom). Therefore, it is of utmost importance to explore the
design of high-performance, low-cost silicon-based receiver beamformer ICs for satellite
communication phased arrays.

In the future, it is expected that 5G millimeter wave base stations will serve high speed,
high bandwidth data to users in urban areas. At the same time, satellite communications
will also provide service to users worldwide, in both rural and urban areas. It is possible
that strong 5G wireless signals can pose as a source of interference for Satcom receivers,
which must receive a weak signal from a far-away satellite. Furthermore, in a realistic
Satcom user terminal, a transmitter and a receiver are placed side by side and operate at
the same time, leaving the possibility for the transmitter to also jam the receiver. Thus, a
high-performance Satcom beamformer receiver must include resilience to these sources of
interference.

The purpose of this work is to design a low-noise ampli er (LNA) for a Satcom user
terminal beamformer receiver operating at 17.7 - 21.2 GHz. The LNA should include built-
in ltering of out-of-band signals. The LNA will be designed in the GlobalFoundries 130nm
(SiGe) Bipolar CMOS (BICMOS) 8XP process. This process is a suitable technology for
RF and millimeter wave ICs due to its high oscillation frequencyf(ax) of 320 GHz and
low minimum noise gure [19]. The work includes novelty in that, to the author's best
knowledge, there is no prior work on Satcom LNAs designed specically to reject 5G
signals. In addition, a novel circuit topology is introduced in the LNA to improve its
out-of-band rejection. In brief, the purpose of this work is to demonstrate the feasibility
of using silicon processes for the design of interference rejecting LNAs that can be used for
Satcom receivers.

1.3 Thesis Organization

This thesis is organized as follows. Firstly, Chapter 2 presents a review of existing design
techniques for LNASs, including Itering techniques. Chapter 3 focuses on the system



analysis for Satcom phased arrays and LNAs. This chapter derives the speci cations for
an LNA that is suitable for a Satcom receive phased array. It also includes and analysis
of the power level of 5G interference sources and transmitter self-interference signals on
the Satcom receiver. This analysis is used to derive speci cations for the interference
resiliency of the LNA. Next, Chapter 4 focuses on the design of two LNAs with out-of-band
interference rejection. The rst design includes rejection of both 5G wireless and Satcom
self-interference sources. The second design only includes resiliency to self-interference.
The design procedure of the ampli er and the simulation results are presented. Chapter

5 shows some measurement results of Design 1, but the results are inconclusive due to a
circuit layout issue. Finally, chapter 6 provides concluding remarks and proposes some
future work that can be done based on the work in this thesis.



Chapter 2

Background and Literature Review

This chapter presents a review of LNA design techniques in CMOS and SiGe processes.
Common LNA topologies such as the common-source and cascode ampli er are reviewed.
Next, existing lItering techniques for phased arrays and embedded LNA lters are re-
viewed.

2.1 LNA Design Without Filtering

Before reviewing ltering techniques, it is prudent to review typical LNA performance that
can be achieved without Itering. The performance achieved by such LNAs, including out-
of-band gain and linearity, can be used to estimate the amount of modi cation required to
meet the Itering speci cations derived in Section 3.2.8.

2.1.1 Common-source LNA

The simplest LNA topology is a common-source ampli er with inductive degeneration and
a series inductor at the gate of the input transistor. Figure 2.1a shows the schematic of
this topology. The small signal equivalent is of the ampli er is also shown in 2.1b.



o Vout
Z
Vin o{ I 9090 :
c, o |
(a) Common source LNA. (b) Small signal equivalent.

Figure 2.1: Common source LNA and its small signal equivalent circuit.

In the design of the common-source LNA, the transistor can be sized such that the
real part of the optimal source impedanc&s o is equal to the source impedance, 50
[20, p. 443]. The input impedance of the LNA can be shown to be given by (2.1). The
degeneration inductor,Ls, can be selected such that the real part &;, equals 50 , while
the gate inductor L4 can be selected to resonate with the capacitan®s at the intended
center frequency of the LNA.

1 Ls
Zin = + sLy+ sLe + i 2.1
in SCgs o] S gm Cgs ( )

Assuming ideal inductors, the voltage gain of the common source stage at the center
frequency, when both the input and output impedances are at resonance, is given by
(2.2), whereR;, is the equivalent parallel resistance of the load anBs is the signal source
impedance [21, p. 204] For ideal inductors and capacitofR, = ro, wherery is the output
resistance of the transistor due to channel-length modulation.

v = oo (2.2)
The single-transistor common-source LNA is the lowest noise topology for an LNA,
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because the only noise sources are one transistor and the parasitic resistances of the passive
components. The noise gure of the common-source topology is given by 2.3, WhRtg,ce
represents the impedance of the source driving the LNA (typically 50 )/! o is the center
frequency of the matching network, and 1 is the unity gain frequency of the transistor

[21, p. 204].

| 2
0 (2.3)

Fcs =1+ OmRsource |
Py

The common-source topology has been successfully used to implement a K-band LNA in
[22], where three such common-source stages were cascaded in a 45-nm silicon-on-insulator
(SOI) process. The design achieved 23 dB of gain, a minimum of 1.6 dB noise gure
in-band, and an IP,4g greater than -15 dBm from 24 - 30 GHz.

While [22] shows that the out-of-band linearity requirement derived in Section 3.2.8 can
be satis ed with only common-source stages, a number of problems remain with the simple
common-source design. For one, the out-of-band small-signal rejection is not su cient to
meet the speci cation. In [22], the ampli er only has 8 dB less gain at 24 GHz than at the
center frequency. The low rejection indicates that an interference-rejecting LNA should
use additional techniques in order to achieve both the linearity and small-signal rejection
speci cations.

Another problem with the common-source stage is that it can exhibit instability due
to its inductive load and the feedback capacitanc€yq. Figure 2.2 shows the small sig-
nal equivalent of a common-source LNA includin@yq. AssumingLs is small andZ, is
inductive (Z, = sL.), the input impedance can be approximated as (2.4) [20, p. 406].
This equation shows that the input impedance of the CS LNA for smalls is negative,
which can lead to oscillations. Making. su ciently large adds a real term to the input
impedance, which stabilizes the e ect oC,d.

1

Z; —_
" ! 2gmcgdl—L

(2.4)



o Vout

gm Vgs ZL

Figure 2.2: Small signal equivalent of a common-source LNA wit@yq.

2.1.2 Cascode LNA

Figure 2.3 shows the schematic of a cascode LNA. Similarly to the common source LNA, it
uses a series inductol y and a degeneration inductot s to accomplish simultaneous noise
and conjugate matching at the input. The ampli er consists of a common-source transistor
M., and a common-gate, cascode transistdi,. The parasitic capacitances at the drain
of M, are represented by an equivalent capacitanégy , whereCy is approximately given

by Cyar + Catr + Csp1 + Cyso.
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Figure 2.3: Cascode LNA schematic.

The noise gure of the cascode LNA is given by 2.5 [21]. Compared to 2.3, it is clear
that the cascode transistor adds a second term to the noise gure. However, the advantage
in using the cascode LNA is that it mitigates the e ect ofCqyq1, preventing a negative input
resistance from arising due to the load d¥1,.

|
1, 2 Aolo 2 1+8raCy -

- -0 g0 0l%“~X
Fcas_1+ ngsource T +

C
Iy Om2Rsource Om2 1+ ng—xz

(2.5)

2.2 A Review of Out-of-Band Filtering Techniques

There are a number of ltering techniques that can be used for phased array receivers.
Broadly speaking, these techniques can be classied as either passive or active. The
passive techniques include o -chip lItering, single LC notches, multiple distributed LC
notches, and transformer-based notches. The active techniques include using frequency-
dependent feedback networks and negative resistance generators. This section will review
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these techniques and the results that have been achieved with them in CMOS and BICMOS
technologies.

2.2.1 Passive Filtering Techniques
O -Chip Filtering

One method of achieving out-of-band in a Satcom LNA is to implement the Itering on
the printed circuit board (PCB) that contains the beamformer chips. In [4], the authors
implemented a 1024-element K-band receive phased array for Satcom applications. The
out-of-band Itering was achieved through the antenna matching network and a notch
Iter, both of which are implemented on the PCB. The block diagram of the antennas,
LNAs, and one beamformer in the array is shown in Figure 2.4. The antenna and matching
network were both implemented on the PCB. The LNAs were implemented on separate
ICs, and were followed by a PCB-level LC notch lter. Finally, the 8 receive channels went
into the beamformer inputs.

Figure 2.4: Block diagram of the beamformer and its connections from [4].

The ltering techniques used in [4] are highly e ective at attenuating the transmit self-
interference at 27-30 GHz. The antenna response and matching network attenuate the
blocker power of -20 dBm to -60 dBm, preventing the LNA from saturating. The ltering
after the LNA gives an e ective LNA gain of 7 dB at 27 GHz, leading to an out-of-band
input power of -53 dBm at the input of the beamformer. Both the input powers are far from
the out-of-band IP;4g points of the LNA and beamformer (-20 and -30 dBm respectively).

While the technique of Itering on the PCB adds su cient resiliency to out-of-band
blockers, it has some disadvantages. Firstly, the matching network on the PCB adds a loss
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of about 1.2 dB, which directly impacts the noise gure of each receiver chain. Furthermore,
this architecture requires a discrete LNA and a discrete beamformer in order to implement
the on-PCB notch Iter. Having separate ICs for the LNA increases component cost and
complexity compared to a solution where the LNA and beamformer are integrated onto
one die.

Single LC Notch

One simple technique for embedding Itering in an LNA on-chip is to add a single notch
lter consisting of an inductor and a capacitor. For example, in [5], a shunt LC notch is
placed at the drain of the common-source device of a cascode ampli er, as shown in Figure
2.5. The frequency of the notch is given by

1
P —:
Lo(Ci+ Cy)

(2.6)

Figure 2.5: Shunt LC notch used in [5]

The shunt LC notch shown in Figure 2.5 is suitable for narrow-band rejection of a
blocker. In [5], it is used in a 5-GHz wireless local area network (WLAN) receiver as an
image-rejection Iter. As another example, it is used in [23] but in a di erential topology,
where the Iter serves to reject the 1.77 GHz image of a 1.55 GHz signal.

[6] presents another topology that achieves a single notch in the frequency response.
The topology is shown in Figure 2.6. The degeneration inductor of the cascode LNA stage
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is replaced with a transformer, where the secondary coil forms a resonator betwégrand
Cvar- Using a varactor as the resonator capacitor allows the notch frequency to be tuned.
In [6], the notch was used as an image-reject lIter for a 5-GHz receiver, and the tunability
meant that the center frequency of the signal could be changed and the notch re-tuned to
the new image frequency.

Figure 2.6: Degeneration Transformer LC notch used in [6]

A single notch can also be placed at the input of the LNA, as done in [7]. The conceptual
schematic of the Itering LNA is shown in Figure 2.7. The parallel resonance &f; and C,
forms a high impedance in the stop-band, which attenuates signals at the blocker frequency
and results in low small-signal gain in the stop-band. The work in [7] achieved over 30 dB
of small-signal rejection at 30 GHz, where the LNA was designed to amplify signals at 20
GHz. In addition, it showed tolerance to a blocker power of -13 dBm at 30 GHz without
compromising in-band linearity.

Figure 2.7: Parallel LC notch used at the input of an ampli er, as in [7].

Single LC notches are a simple way of rejecting a blocker at a single frequency, which
is why they were used for image rejection in [5], [6], and [23]. However, they are inherently
narrow-band because the LC resonator only presents a short or open at one frequency. In
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addition, like with all passive notches, the amount of ltering rejection is limited by the
low quality factor of on-chip spiral inductors, which is generally between 10 and 30 for
modern CMOS processes with thick metal layers [20]. Also, the extra inductor increases
the circuit area.

A 3-coil Inter-Stage Transformer Notch

The transformer-based notch presented in [6] can be used in other locations within an LNA
besides the rst-stage degeneration. In [8], the authors used a 3-coil inter-stage transformer
to implement a notch lter in the inter-stage matching network of a 2-stage LNA designed
in a 65-nm CMOS process. The LNA was designed to amplify Satcom signals from 10.7 -
12.7 GHz (Ku-band) and to attenuate the corresponding transmit band at 14 - 14.5 GHz.
The LNA consists of two ampli er stages. The inter-stage matching of the LNA from is
implemented using a 3-coil transformer. The schematic of the transformer is shown in
Figure 2.8a. An approximate equivalent circuit of the 3-coil network is shown in Figure
2.8b, for which the component values are given by equations (2.7) - (2.10). The equivalent
componentsL 14 and CJ form a series-parallel notch that blocks the rst stage current from
developing a voltage across the inter-stage transformer formed hy, and L,, causing a
zero in the transfer function. The frequency of this notch is given by (2.11).

(@) (b)

Figure 2.8: The 3-colil transformer from [8]. (a) Transformer schematic. (b) Equivalent
circuit.

L1 = k3L (2.7)
Ls

C{= —Cs: 2.8

3 k%sl_l 3 ( )
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L= KLy (2.9)

K2

k% = ;
12 1 k%g

(2.10)

1 1

! p = :
T LGy LG

(2.11)

notch =

Since the 3-coil transformer-based notch is another type of single LC ltering technique,
it su ers from the same aforementioned disadvantages. However, this technique has the
advantage of being more compact with proper layout of the tertiary coil.

Distributed Notch Filtering

The single LC passive techniques described in the previous sections are narrow-band. One
way to widen the bandwidth of the Itering is to simply add more notches in the circuit.

In [9], a 20 GHz Satcom LNA with out-of-band ltering at 27.5-31 GHz is designed. The
schematic of the ampli er is shown in Figure 2.9. The lItering is achieved using 4 notches
that are distributed throughout the 2-stage ampli er. The ampli er was implemented in a
0.25 m SiGe BIiCMOS process, and consumes 92 mW from a 2.5 V supply. The ampli er
achieved over 30 dB of small signal rejection with respect to its peak gain in the stop-band
of 27.5 - 31 GHz. Due to the distributed nature of the notches, the rejection is wideband,
as the resonant frequency of each notch is tuned to a slightly di erent frequency within
the stop-band.

The authors in [9] also compared the Itering LNA to a reference design without |-
tering. The addition of the Itering reduced the in-band gain by a 2-3 dB and increased
the noise gure by 0.2 dB. This degradation in noise gure is mainly due to the additional
loss caused by the two notches in the rst stage. Furthermore, due to the presence of two
notches within the rst stage, one before the input transistorQ, and another before the
cascode transistoQ,, the IP 45 of the Itering LNA is 20 dB higher than the non- Itering
one. The out-of-band IRg4g in the LNA without Itering is already -10 dBm, exceeding the
speci cation derived in Section 3.2.8, which can be attributed to the large devices chosen
and their high power consumption.

Overall, the distributed notches as implemented in [9] illustrate the trade-0 between
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high rejection and noise gure, as well the trade-o between power consumption and lin-
earity.

Figure 2.9: Schematic of the Itering LNA designed in [9].

Another example of distributed notch Itering is in [10], where a wideband 24-43 GHz
LNA for 5G applications is designed with rejection at 10-15 GHz. The schematic of the
LNA is shown in Figure 2.10. The LNA implements its out-of-band Itering with three
shunt-series LC notches formed by the resonanceslLafwith C,, L, with C4, and L3 with
Cs. These resonances allow for greater than 60 dB of out-of-band small-signal rejection,
and an out-of-band 1IP; 20 dB greater than the in-band IIP3.

The LNA in [10] also illustrates a trade-o between out-of-band Itering and power
consumption. The ampli er has 3 stages and 17-20 dB of gain, at a power consumption
of 20.5 mW. However, a similar wideband LNA in the same CMOS process has been
implemented with only 2 stages and 17 mW of power consumption, with approximately 1
dB lower noise gure [24]. The additional power consumption and higher noise gure in
[10] can be attributed to the losses of the Itering elements.
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Figure 2.10: Schematic of the wideband LNA in [10] that implements distributed notch
Itering.

In summary, both examples in this section have shown that while distributed Iter-
ing can achieve high stop-band rejection, the trade-o s include power consumption, noise
gure, and additional chip area.

2.2.2 Active Filtering Techniques

The on-chip passive Itering techniques shown in Section 2.2.1 are limited by the low
quality factor (Q) of on-chip spiral inductors and transformers. Active techniques can be
used to improve the e ective quality factor of the notch and thus obtain a higher Itering
rejection.

A Feedback Active Notch

One of the earliest occurrences of active Itering in a monolithic LNA is in [11], where an
active notch and feedback are used to enhance the quality factor of a notch in a cascode
LNA. The schematic of the active lIter is shown in Figure 2.11a. The input impedancé&;, ,

is given by (2.13)[11], wherdRj,q4 represents the parasitic series resistance of the inductor,
r, represents the parasitic base resistanc€, is the base-emitter capacitance of,, and

Om2 IS the small-signal transconductance dD,. The last term in (2.13) is negative, which
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shows how the addition ofQ, can compensate for the resistanc&,q and r, and e ectively
improve the Q of the notch.

The quality factor of the notch can further be improved by adding feedback. The
concept of this feedback is shown in Figure 2.11b, for which the transfer function is given

by

Vout 1
H(s) = = :
&= " 158

(2.12)

[11] shows that if the feedback transfer functiorB (s), has a pole at! o, the closed loop
transfer function, H(s), has a very low gain at that frequency. This low gain results in a
notch behaviour inH (s).

1 gmz .
12C C;’

(2.13)

() (b) (c)

Figure 2.11: Circuit topologies for the LNA with a feedback notch, introduced in [11]. (a)
Active notch schematic. (b) Feedback notch block diagram. (c) LNA schematic with an
active notch and feedback.

The feedback shown in Figure 2.11b was applied to the active notch in Figure 2.11a to
improve its rejection, and embedded in an LNA. The resultant circuit is shown in Figure
2.11c [11]. The circuit topology can be thought of as an active version of the one in Figure
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2.5, because the notch is an active shunt LC at the collector &, similar to the passive
shunt LC at the drain of the common-source device in Figure 2.5.

The active feedback technique shown in Figure 2.11 has been used in numerous image-
rejecting CMOS/SiGe receivers in the 2-5 GHz range [11][25][26]. The technique without
feedback (i.e. Figure 2.11a only) was also applied to an ultra wideband receiver operating
between 3.1 and 10.6 GHz in [27] as a means to reject WLAN blockers at 5 GHz.

The feedback topology in Figure 2.11c trades o ltering for noise gure, depending
on the sizing and biasing of)3. It also increase power consumption due to the addition of
Qz. Finally, it must be carefully designed to avoid instability in the feedback loop.

An Inter-Stage Feedback Notch

The concept of using frequency-dependent feedback to introduce a notch into the transfer
function can be extended to a multi-stage ampli er. In [12], LC feedback is added between
two ampli er stages to achieve a notch response in a dual-band LNA. The schematic and
performance of the ampli er are shown in Figure 2.12.

The LNA from [12] is designed for two pass-bands, at approximately 20 and 37 GHz.
In between the two pass bands, the ampli er exhibits a notch at 28 GHz in order to reject
5G blockers from that band. The notch is achieved by the feed-forward path formed by
and C, to Qsz, shown in the schematic in Figure 2.12a. The frequency of the zero is given
by (2.14). At! ,, the load impedance seen from the collector s is small, leading to a
low stop-band gain. This can alternatively be understood as the stop-band current feeding
forward through L, and C, and supplying all the stop-band current that the transconductor
of Q3 is sinking. As a result, no stop-band current ows throughQ,, leading to a low gain
at the stop-band.

1

Lilgs '
Lo+ L1+L3C3

(2.14)

L4
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