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ABSTRACT

The wireless communication industry is currently experiencing tremendous growth.
In responding to the demand for a low-cost but high performance wireless front-end,
many intensive researches on CMOS radio-frequency (RF) front-end circuits have been
carried out. The ultimate goal is to minimize the trade-off between high performance and
low-cost, low power consumption design.

Low noise amplifier (LNA) is typically the first stage of a receiver. Its performance
greatly affects the overall receiver performance. In this thesis, four LNAs are proposed.
They are designed for the IEEE 802.15.4 standard in the 2.4 GHz ISM band. The first
three LNAs are optimized for low NF and low power. An application of this type of LNA
is to be used as the amplification stage before the active mixer in the receiver chain .
Active mixer provides active gain while consuming some dc power. Therefore the LNA's
gain requirement can be relaxed. But its power consumption needs to be low to
compensate for the power consumption from the active mixer. With a relaxed gain, the
LNA should have good NF to avoid degrading the overall receiver NE. The fourth LNA is
optimized for high gain. This optimization is useful in the receiver system where passive
mixer is used for frequency conversion. Passive mixer consumes no dc power while
having some conversion loss. Therefore, high LNA gain is required in this type of
system.

There are four important contributions in this research. Firstly, and LNA (LNAT) that
combining the merits of the inductive source degeneration common-source LNA
(L-CSLNA) and the common-gate LNA (CGLNA) is introduced. The proposed LNAI is

a fully differential g,,-boosting CGLNA with series inductor input matching network that



improves the NF. The circuit's input matching, NF and gain have been derived to verify
the design methodology. The LNA was designed and fabricated using 0.18 um CMOS
technology. It consumes only 0.98 mA from 1.0 V power supply and achieves a measured
gain of 15 dB and NF of 5 dB. The series inductor input matching CGLNA is attractive
for low-power fully integrated applications in CMOS technologies.

Even though the high NF problem of the CGLNA has been addressed in the proposed
LNAI1, we wish to further reduce the NF to achieve better trade-off between NF and
power consumption. LNA2 was designed with a simple but effective noise-reducing
technique. An inductor was added in parallel to the input transistor to reduce the noise
from both the cascode and the input transistor. The LNA's input matching, NF and gain
have been derived to verify the design methodology. The LNA achieves a measured gain
of 14.8 dB, NF of 4.5 dB and IIP3 of -5.7dBm respectively. It consumes only 0.95 mW
from a 1.0 V supply voltage.

The third LNA (LNA3) was designed to consume less power and provide lower NF
than that of LNA1 and LNA2. The power consumption can be reduce by operating the
circuit at lower supply voltage but this shouldn't degrade the circuit's performance. LNA3
was designed for very low supply voltage such as 0.6 V. To deal with the small voltage
headroom, the single-stage non-cascode structure is employed. The poor reverse isolation
problem in this structure is improved by using the capacitive cross-coupling (CCC)
across the two sides of a differential input stage. The CCC technique has been utilized in
many LNA designs. However, in all of the reported works using CCC, the CCC technique
was mainly used to improve the NF, not the reverse isolation. The poor reverse isolation

problem in single-stage non-cascode structure has never been analyzed. This work shows
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a novel analysis on the feedback cancellation mechanism to improve the reverse
isolation. Other analysis on input matching, gain and NF of LNA3 was also performed to
show the feasibility of employing CCC technique for low-voltage LNA as well as the
advantages of LNA3 over the conventional common-source (CS) and common-gate (CG)
LNA. This LNA is designed using 0.18 um CMOS technology. At 2.4 GHz, high reverse
isolation of -38 dB and good input matching of -24 dB was obtained. The LNA produces
a total gain of 14 dB while drawing only 0.83 mA from a 0.6 V supply voltage. The NF is
only 3.55 dB. The total power consumption is only 0.5 mW.

The fourth LNA (LNA4) was designed to achieve very high gain. It utilizes the n-
match and capacitive feedback input network. The capacitive feedback helps to eliminate
the need of using inductor at the source terminal of the input transistor for input matching
condition. Moreover, higher gain and an additional degree of design freedom are
achieved with the use of the m-match network. The detailed input matching, NF and gain
have been derived to verify the design methodology. The LNA is designed using 0.13um
RF CMOS technology. It achieves a gain of 21.7 dB with an S;; of -12 dB while
consuming only 0.6 mW. The NF is 4.9 dB and the /IP3 is -12 dBm.

The performance of the four LNAs meets the specification requirements of the
desired standard. In brief, the thesis investigates the CMOS RFIC designs, especially for
LNA designs. It provides different approaches which can help to achieve a compact, low

power and fully-integrated LNA.
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Chapter 1: Introduction

1.1  Motivation

The IEEE 802.15.4 standard was specially designed to cater for the fundamental
lower network layers of wireless personal area network (WPAN) which focuses on low-
cost, low-speed ubiquitous communication between devices. The emphasis is on very low
cost communication of nearby devices with low power consumption and little to no
underlying infrastructure. The concept of IEEE 802.15.4 standard is to provide
communications over distances up to about 10 meters and with maximum transfer data
rates of 250 kbps. Low power consumption has been the centre of attention for many
technologies. In the context of mobile wireless applications, lower power consumption
can lead to longer battery life or in another word longer time over which a mobile device
can be used without having to recharge. The IEEE 802.15.4 frequency bands align with
the license free radio bands that are available around the globe. Of the bands available,
the 2.4 GHz band is the most widely used in view of the fact that it is available globally
and this brings many economies of scale.

It is known that the LNA is the first active amplification block in the receiving path as

shown in Figure 1.1.

RF Filter Low Pass Filter

LNA [\ P ap

LO

o

Figure 1.1: RF receiver



In fact, the performance of the RF receiver is significantly influenced by the LNA [1].
Being the first block of the receiver, the LNA plays a crucial role in amplifying the
received signal while adding little noise to it. In addition, the input of the LNA needs to
be matched to the output of the filter following the antenna to prevent the incoming signal
from reflecting back and forth between the LNA and the antenna. While the LNA is a
relatively simple design compared to other RF components in a cellular receiver chain,
the performance tradeoffs challenge the LNA design engineer. LNA design typically
involves making choices between directly competing performance parameters such as:
noise, gain, linearity and power consumption. In the IEEE 802.15.4 standard, the NF and
linearity requirement can be relaxed in order to achieve other important parameters such

as gain and power consumption.

1.2  Objective and Major contributions

The objectives of our research are to develop a thorough understanding of low-power
LNA design and to introduce new low-power LNA design for the IEEE 802.15.4
standard. In this thesis, four LNAs are proposed for the 2.4 GHz ISM band of IEEE
802.15.4 standard. The first three LNAs were optimized for low NF and low power
consumption while the fourth LNA was optimized for high gain.

The first design (LNA1) is a fully differential g,,-boosting CGLNA with series
inductor input matching network that retains the advantages of both the CSLNA and
CGLNA topology. It consumes only 0.9 mA from 1.0 V power supply and achieves a
measured gain of 15 dB and NF of 5 dB.

In the second design (LNA2), we introduced a noise cancellation technique that

reduces the NF of the CGLNA to achieve better trade-off between NF and power



consumption. The LNA achieves a measured gain of 14.8 dB, NF of 4.5 dB and //P3 of
-5.7 dBm respectively. It consumes only 0.95 mW from 1.0 V supply voltage.

The third LNA (LNA3) was designed with low supply voltage to reduce the total
power consumption. LNA3 was designed to operate at 0.6 V supply voltage. It uses a
single-stage non-cascode structure with CCC across the two sides of a differential input
stage. The CCC technique had been employed in many other LNAs. However, it was
mainly used to improve the LNA’s NF and none of the LNAs using CCC had
demonstrated low voltage operation properly. In this work, the CCC technique is not only
used to lower the LNA’s NF, but also to improve the reverse isolation of the single-stage
non-cascode structure. A novel analysis on the feedback cancellation mechanism of the
CCC technique was carried out. At 2.4 GHz, it has an input matching better than -24 dB
and a reverse isolation better than -38 dB; produces 14 dB gain and 3.55 dB NF while
drawing only 0.83 mA current from a 0.6 V supply voltage.

The fourth LNA (LNA4) was designed to achieve very high gain. The n-match and
capacitive feedback input network were utilized. The capacitive feedback network helps
to save on chip area by using only one inductor for the input matching. The mw-match
network introduces an additional degree of design freedom and allows the LNA to
achieve higher gain than the conventional L-CSLNA. It achieves a gain of 21.7 dB with a
S11 0f -12 dB while consuming only 0.6 mW. The NF is 4.9 dB.

For all designs, the circuit's input matching, noise factor and gain have been derived
to verify the design methodology. Compared to recent related works, our LNAs consume

the least power but still achieve a very good performance in other parameters.



1.3  Thesis organization

The thesis is organized into seven chapters. Chapter 1 provides an introduction,
motivation, objectives and an outline of the thesis. In Chapter 2, the RFIC design
backgrounds including RFIC design parameters, receiver architectures, design trade-offs
and conventional LNA topologies are described. The current ultra-low power LNA
designs and the important requirements in the IEEE.802.15.4 standard are also discussed
in this chapter. From chapter 3 to chapter 6, four ultra-low power LNAs are presented
together with the measurement results. Chapter 7 draws the conclusion and suggests

future works.



Chapter 2: Literature review on LNA design

As the first active block in the receiver chain, the performance of an LNA dictates
the overall performance of receivers [2]. In this chapter, a review on two main receiver
architectures is presented, and then key performance parameters for RF communication
circuit design are discussed. Following that are an introduction to LNAs and trade-offs in
LNA design. Next, the input matching architectures in LN A designs will be classified and

examined. Finally, the LNA load tuning techniques will be discussed.

2.1 Receiver architectures
Complexity, cost, power dissipation and the number of external components have
been the primary criteria in selecting receiver architectures. Two architectures will be
discussed which are: heterodyne and homodyne receiver.

2.1.1 Heterodyne Receiver
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Figure 2.1: Heterodyne receiver architecture

The heterodyne receiver is probably the most popular receiver architecture. Due to its
reliable performance, it has been widely implemented in many radio applications. As
seen in Figure 2.1, the incoming signal is first filtered by an RF filter to lower unwanted
out-of-band signals. After being amplified by an LNA, the signal is then filtered by the
image-reject (IR) filter to further reduce the power level of undesired signals. Next, the

RF signal is down-converted to the intermediate frequency (IF). This step is done by a



mixer. There are two types of mixer: active and passive. The active mixer consumes dc
power while providing active gain. The passive one does not consumes power but having
some conversion loss. To counterbalance for the lack of gain in the passive mixer, more
gain is needed in the LNA stage. After passing through a narrow-band IF filter, the signal
is converted to baseband signal for further processing in subsequent stages. Intermediate
frequency (IF) is a critical parameter in heterodyne receiver design. The choosing of IF
frequency involves a fundamental tradeoff between image rejection and channel selection
or sensitivity and selectivity. More specifically, a higher IF eases image rejection because
the image frequency is further away from the desired frequency. The quality factor of a
filter is determined by fcenter/BWriter. Therefore a lower IF leads to a larger rejection
of the interference of adjacent channels. Shown in Figure 2.2 are two cases corresponding

to high and low values of IF so as to illustrate the trade-offs.
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Figure 2.2: Rejection of image versus suppression of interferers for (a) high IF and (b) low IF

A high IF leads to substantial rejection of the image whereas a low IF allows great

suppression of nearby interferers. The choice of IF therefore depends on trade-offs among



three parameters: the amount of image noise, the spacing between the desired band and
the image, and the loss of the image reject filter. To minimize the image, one can either

increase the IF or tolerate greater loss in the filter while increasing its quality factor.
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Figure 2.3: Dual-IF receiver

The multiple down-conversion helps to relax the Q requirement of the channel select
filter therefore ease the trade-off between selectivity and sensitivity [3]. Shown in
Figure 2.3 is the dual-IF receiver which employs two stages of down conversion. A
superior performance with respect to selectivity, sensitivity and signal-to-noise ratio
(SNR) makes the heterodyne receiver very attractive. However, the implementation of a
heterodyne architecture involves many high-Q filters. The full integration of heterodyne
receiver is very difficult. In order to avoid the needs of external IR and IF filters, direct
conversion (zero-IF) and low-IF architectures have increasingly gained popularity in

recent designs of wireless communications systems [4-18].

2.1.2 Homodyne Receiver (Direct conversion receiver)

A homodyne receiver is also called a zero-IF or direct conversion receiver. For
double-sideband amplitude modulated signals, down conversion can be done with simple
mixers. For frequency and phase modulated signals, down conversion must be performed
with quadrature mixers so as to avoid loss of information due to positive
and the negative part of the spectra overlap after down-conversion. The block diagram of

homodyne or direct conversion receiver architecture is illustrated in Figure 2.4.
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Figure 2.4: Homodyne receiver architecture

A homodyne receiver structure is very similar to the low-IF receiver. The main
difference is that it down-converts RF signal frequencies directly to base band
frequencies. The simplicity of the homodyne architecture offers two important
advantages over a heterodyne counterpart. Firstly, the problem of image is circumvented
because w;r is equal to zero. As a result, no IR filter is required, and the LNA need not
drive a 50 Q impedance of an off-chip IR filter, which reduces the overall power
consumption. Secondly, the IF filter and subsequent down-conversion stages are replaced
with low-pass filters and base band amplifiers that are amenable to monolithic integration
[19].

However, despite its simplicity, the homodyne receiver does have some other
performance issues that impede its widespread adoption [19]. Its main disadvantage is the
DC offset problem. In the homodyne topology, the IF frequency is at base band, any DC
offset can easily overwhelm the desired signal and saturate the following stages. The
isolation between the LO port and the input of the mixer and the LNA is not perfect.
There is a finite amount of feed-through exists from the LO port to the LNA input and

mixer input. This leakage signal is then mixed with the LO signal, thus generating a dc



component. This phenomenon is called “self-mixing”. A similar effect occurs if a large
interferer leaks from the LNA or mixer input to the LO port and is multiplied by itself
[19]. Another serious problem of homodyne receiver is the I/Q mismatch. Due to the
quadrature mixing requirement, either the RF signal of the LO output has to be shifted by
90°. Since shifting the RF signal generally causes severe noise-power-gain trade-offs, it is
more plausible to use the topology in Figure 2.4. I/Q amplitude and phase mismatch can

cause degraded SNR performance.

2.2 Design parameters

2.2.1 Sensitivity

RF receiver sensitivity quantifies the ability to respond to a weak signal. It is defined
as the minimum detectable signal (MDS) power level with the requirement of the

specified SNR for an analog receiver and bit-error-rate (BER) for a digital receiver [19].
IEEE 802.15.4 Requirement: Sensitivity

The sensitivity requirement of an IEEE 802.15.4 standard compliant receiver is -

85 dBm [20].

2.2.2 Noise figure
Noise factor (F) is a measurement of the noise performance of a circuit. It is

frequently expressed in decibels and commonly referred to as noise figure (NF):
NF = 10log,oF (2.1)

where F is defined as:



_ SNRy, (2.2)
" SNR,y;

or:

SNRL'n _ Psig/PRS (2~3)

F = =
SNR SNR

where SNR;,, and SNR,,,; are the signal-to-noise ratios measured at the input and output

and Py;, denotes the input signal power and Pz represents the source resistance noise

ig

power, both per unit bandwidth. It follows that:

Pgig = Prs. F.SNRyy¢ 2.4)

Since the overall signal power is distributed across the channel bandwidth, B, the two
side of equation (2.4), must be integrated over the bandwidth to obtain the total mean

square power. Thus, for a flat channel:

Psigtot = Prs- F.SNRyy. B (2.5)

Equation (2.5) predicts the sensitivity as the minimum input signal that yields a given
value for the output SNR. Changing the notation slightly and expressing the quantities in

dB or dBm, we have:
Psig,min |dB = PRS|dB/Hz + NF + SNRout,min |a t 10logB (2.6)

where Pg;g min 18 the minimum input level that achieves SNRy min- We obtain Pgg as the

noise power that R delivers to the receiver:

10



4kTR, 1 2.
Pys = > — = kT = —174 dBm/Hz 2.7)
4 Ry,

with conjugate matching at the input and at room temperature. Equation (2.6) is thus

simplified to:
NF = Psig,min |dB — (—174‘ dBm/HZ) - 10[0gB - SNRout,min |dB (28)

For a cascade system of N stages, the overall noise factor can be obtained in terms of
the noise factor and gain at each stage. The total noise factor [19] can be expressed by the

Friis equation:

F,—1 F;-1 Fy—1 2.9
Ft0t=F1+ 2 + 3 cee N (2.9)

where F,, and A, are the noise factor and the available power gain of the m™ stage.
According to this equation, the noise contributed by each stage decreases as the gain of
the preceding stage increases. Thus, the first few stages in a cascade are the most critical
stages. In practice, the LNA is the first active block in the receiving chain. Therefore, its
NF directly adds to that of the system. An LNA should provide enough gain to overcome

the noise contribution of the subsequent stages and add as little noise as possible.
IEEE 802.15.4 Requirement: Noise Figure

Using the aforementioned 2 MHz bandwidth and SNRqyt min jap ©f 0.5 dB [20, 21],

the required NF is -85 - (-174) - 10log(2M) — 0.5 = 25.5 dB. Therefore the required NF

assuming a 5 dB loss preceding the LNA is 20.5 dB.

11



2.2.3 Harmonic distortion and Intermodulation

The linearity of a system determines the maximum allowable signal level to its input.
All real-life systems exhibit some degree of nonlinearity. Signal distortion is a direct
consequence of the nonlinear behavior of the devices in the circuits. The most common
measures of non-linearity are the 1-dB compression point (P;zz) and the third-order

intercept point (/P3) [19].

2.2.3.1 The 1-dB compression point
If a sinusoid is applied to a nonlinear system, the output generally exhibits frequency
components that are integer multiples of the input frequency. When the input signal is

x(t) = Acoswt then the output through the system will be:

y(t) = aq;Acoswt + a,A*cos?wt + azA3cosPwt + -+ (2.10)

3 2

a, A?
2

azA
4

a,A
2

~
=~

cos2wt

+ (alA + > coswt +

3

+ % cos3wt

where a4, @,, @3 and so on are the corresponding equation’s coefficients and A is the
amplitude of the input signal x(t). In equation (2.10), the term with the input frequency
is called the “fundamental” and the terms with higher-order frequencies are the
“harmonics”. For most circuits of interest, a3 is less than zero [19]. Therefore, the gain
(A + a3A3/4) is a decreasing function of A (amplitude). As the input power increases,

the circuit components become saturated and the fundamental output fails to respond

linearly to the input.

12



Figure 2.5 shows that the gain compression due to the nonlinearities in the system

causes the power gain to deviate from its idealized curve. The point at which the power

gain is down 1 dB from the ideal curve is referred to as the 1-dB compression point. The

input power where PI/dB occurs is known as IPIdB. A system must operate several

decibels below this level to avoid the nonlinear region. The 1-dB compression point can

be calculated as [19]:

a,
IPldB = 20[0g10 014‘5 —

as
AOutput .
Power Third-orde Y
(dBm) Intercept
OIP3|s======cceccccccccccccccccccccccccccccn-
1dB Actual
i /7 First-
order
P1dB """"""""""""""""

Output

Ideal First-order
Output

Third-order
Intermodulation

Term\

/ [/ P IP3

Figure 2.5: Illustrations of Pi4g and IP; (logarithmic scale)

(2.11)
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2.2.3.2 The 3rd Order Intercept Point
While harmonic distortion is often used to describe nonlinearities of analog circuits,
certain cases in RF system require other measures of non-linearity behavior. Commonly

used is the “third order intercept point measured by a “two-tone” test [19].

Non-linear system

‘ I

w; 0 (’; |(1)1 (,02|

20)1-(,!)2 20)2-(01

Figure 2.6: Intermodulation in a nonlinear system

When two signals with different frequencies are applied to a non-linear system
(Figure 2.6), the output exhibits some components that are not harmonics of the input
frequencies. Called intermodulation (IM), this phenomenon arises from “mixing”
(multiplication) of the two signals. Assume that the input signal is (t) = A;cosw,t +
A,cosw,t , then the output through the system will be:

y(t) = ay (Ajcoswit + Aycosw,t) + a,(Ajcosw it + A,coswyt)? (2.12)
+ a3(A;cosw it + A,cosw,t)3
Expanding the right side and discarding dc terms and harmonics, we obtain the

following intermodulation products:

w=w; tw,: aA;4;cos(w; + w,)t + a,A1A, cos(w; — wy) t (2.13)
3a3434 3a3A4%A 2.14
=2w; T w,: %cos(Zw1 + w,)t + %cos(Zw1 —wy)t (2.14)

14



3a3A%A 3a343A 2.15
=2w, + w; : %cos(sz + w )t + %cos(Za)z —wq)t (1)

and these fundamental components:

3 3
W = Wi, Wy * (a1A1 + ZQ3A§ + Ea’3A%A2) COS(A)lt (216)

3 3,3 2
+ (a1A2 + Za3A2 + §a3A2A1) cosw,t

As illustrated in Figure 2.6, if the difference between w; and w, is small, the third-
order IM products at 2w, + w, and 2w, * w; appear in the vicinity of w; and w,, thus
revealing nonlinearities.

Interferers
Desired

Channel Low-noise

Amplifier

1 U

v

Figure 2.7: Corruption of a signal due to intermodulation between two interferers

Intermodulation is a troublesome effect in RF system. As shown in Figure 2.7, if a
weak signal accompanied by two strong interferers experiences third-order non-linearity,
then one of the IM products falls in the band of interest, corrupting the desired
component. The “third intercept point” (/P3) has been defined to characterize the
corruption of signals due to third-order intermodulation of two nearby interferers. It is
measured by a two-tone test where A; = A, = A. The input signal level, where the power

of the third-order IM product equals to that of the fundamental is defined as “two-tone

15



input-referred third-order intercept point” (/IP3). And the corresponding output level is

called the “output third-order intercept point” (OIP3). IIP3 [19] can be calculated as:

11P3 = 201 e e
= 0910 3 |
IIP3[19] can be given by
3Pint — Psig + SNRpyin + margins (2.18)

IIP3 >

2

where P;,; is the power of two interferers (=10 MHz apart and =20 MHz apart from the
signal, respectively in the IEEE 802.15.4 standard), and Pg;, is the power of the desired

signal. For a cascade of N-stage network, the IIP3 of the system, IIP3;,; , can be

expressed as [3]:

Lo 1A Ay Ay A (2.19)
11P3,,, 11P3, ' I1IP3, ' IIP3, 11P3y

where IIP3; and A; (i=1,2,...N) are the I[IP3 and the available power gain of the ith stage
network respectively. Equation (2.19) suggests that, for the /IP5 calculation, the last stage
contributes the most to the distortion of the system. It is unlike the NF calculation, where
the first stage is the most critical. Thus it is important to end the system with a high

linearity block [22].

IEEE 802.15.4 Requirement: IIP3 and IP1dB

With an interfering power of =52 dBm, a minimum signal power of —82 dBm (3 dB

above minimum sensitivity level), and an SNR ¢ i, 0f 0.5 dB, the calculated /IP3 based

on equation (2.18) is —32.5 dBm, assuming a 10 dB margin. The input 1-dB gain

16



compression point (/P/dB) needs to be above —42.5 dBm considering //P3 is about 10 dB

higher than IP; 45 [23].

2.2.4 Dynamic Range

Dynamic range (DR) is generally defined as the ratio of the maximum input level that
the circuit can tolerate to the minimum input level at which the circuit can provide a
reasonable signal quality. This definition is quantified in different applications
differently. “Spurious-free dynamic range” (SFDR) and blocking dynamic range (BDR)
are two commonly used definitions of the dynamic range [24]. SFDR is a measure of the
receiver’s immunity to distortion generated by spurious signals.

The upper bound of SFDR is defined as the maximum input level Pj,; max in a two-tone
test, at which the third-order IM products do not exceed the noise floor. The lower bound

is set by MDS. SFDR [25] can be expressed as:

2 2.20
SFDR = P max ~ Ponymin = 5 U1P3 ~ F) = SRy 220

where F is the receiver's NF plus the noise floor power P, in decibel scale. P, is calculated

as Prgjap/uz + 10logB which is (-174) + 10log(2M) = —111 dBm. BDR is a measure of

the resilience of the receiver to a large out-of-band blocking signal which, by driving the
receiver into compression, desensitizes it to a small desired signal [24]. The upper bound
of BDR is the 1-dB compression point, and the lower bound is also MDS. When

expressed in dBm, BDR is given by:
BDR = P45 — Pinmin (2.21)

The graphic representations of SFDR and BDR are shown in Figure 2.8.
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Figure 2.8: Dynamic ranges for a receiver

IEEE 802.15.4 Requirement: SFDR

From (2.20), the calculated SFDR is about 38 dB with an /IP3 of —32.5 dBm, a B, of

—111 dBm, an NF of 20.5 dB, and an SNR,,;,, of 0.5 dB.

2.2.5 S-Parameters

There are many different ways to characterize the behavior of a two port net work. At
low frequency, Y, Z, H, T and ABCD parameters are commonly used. They use open and
short circuit conditions to characterize a linear electrical network. However, these
terminations are quite difficult to realize at high signal frequencies. In radio frequency
range, scattering parameters (S-Parameters) is normally employed. It uses matched load
termination and the measurements are based on incident and reflected waves.

Figure 2.9 illustrates a two-port network, where a; and a, are incident waves; b; and

b, are reflected waves. Their relation is expressed as:

18



=5 seflal =ts1[a

(2.22)

The matrix [S] is called scattering matrix, where S;, is the input reflection coefficient,

S1, is the reverse transmission coefficient, S,; is the forward transmission coefficient,

and S,, is the output reflection coefficient. They can be measured according to Figure

2.10 and equations (2.23a) — (2.23d):

S =

by

a

b . . . .
= —|4,=0 = reverse transmission coefficient with matched input port

az

by
a

by
az

|¢,=0 = input reflection coefficient with matched output port

= —=|q,=0 = forward transmission coefficient with matched output port

= —=|q,=0 = output reflection coefficient with matched input port

Port 1 Port 2

7 ai— Two-port 7 —>be
oy network 02

1 -— -4— a2

Figure 2.9: A two-port network

(2.23a)

(2.23b)

(2.23¢)

(2.23d)
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Figure 2.10: Measurement of S-parameters using (a) matched output port, (b) matched input port

From the view point of amplifier design, S;; and S,, denote how well the input and
output impedances are matched to the reference impedance respectively. S,; measures
the amplification gain of the amplifier. S;, represents the isolation between output and
input ports. S-parameters can be converted to Y-parameters or other network

representations. Detailed formula can be found in most microwave textbooks, such as

[26].

2.3 Introduction to LNA

The front-end of a typical transceiver consists of a receiving path and a transmitting
path. For the transmitting path, the only existent signal is the wanted signal. This
simplifies the design of the transmitting path, as issues such as noise, interference
rejection and selectivity can be relaxed. In contrast, for the receiving path, the wanted RF
signal is weak and surrounded by noise and interferers. Thus, the design of the receiver
involves many issues and trade-offs. LNA 1is the first active element in the receiving

chain. Its NF and gain play a significant role in the overall performance of the receiver
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[27]. Before exploring the design details of a low-power LNA, it is helpful to have the
knowledge of the LNA design first.

In practice, the incoming RF signals are considerably small (generally around
-100 dBm), which leads to a small SNR. Any additional noise will further degrade the
overall SNR and therefore the receiver performance. Because LNA is the first gain stage
along the receiver chain, its NF has to be low enough to keep the overall system’s NF
low. In addition, the gain of the LNA needs to be high enough to reduce the noise
contribution from the subsequent mixer and other stages, but not too high to degrade the
overall system’s linearity. The linearity requirement of the LNA by itself is, in general,
not very critical, except for systems such as Code-Division Multiple Access (CDMA), in
which both receiver and transmitter are on at the same time. In the conventional super
heterodyne receiver, because the RF filter and the image-reject filter, which are typically
required to be matched to 50 Q, are placed in front of and after the LNA, input/output
impedance matching is part of LNA’s specifications. The super heterodyne architecture
requires at least three discrete filters. Although this architecture provides very high
performance, it is very costly due to the discrete components, the packages and the
additional assembly process. Hence, new radio architectures which can replace expensive
discrete components with low-cost integrated circuits should be proposed. The ultimate
goal is to implement a single-chip radio system. Single-chip architectures usually include
homodyne/direct IF, image-reject (including Weaver architecture [28] and Hartley
architecture [29]), and so on. The qualities of the above architectures allow high
integration LNA design. Firstly, due to the removal of the image-reject filter, the output

of the LNA no longer needs to be matched exactly to 50 €. Therefore, the output
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impedance can be optimized for a better performance and the power consumption can be
reduced due to the elimination of the additional 50 Q output driver stage that is normally
required. Secondly, aiming for full-system integration, the LNA is required to provide
input matching with minimum discrete components. A fully-integrated LNA is the best

option. Finally, power consumption is a concern, especially for portable devices.

o
.

" Power

J . Consum
“)tion A

Reverse | Input

(olaton matching Jj

Figure 2.11: Important features in LNA design

In summary, the important features in the design of an LNA in nowadays receiver
architecture are: NF, gain, input impedance matching, power consumption, reverse

isolation, chip size and linearity (Figure 2.11) [30-42].

2.3.1 Performance trade-offs in LNA design

Different application has different requirement for LNA performance. Therefore, it is
important to understand the trade-offs involved in LNA design. The three important
trade-offs are gain vs. power efficiency, linearity vs. drain-source dc current and LNA's

gain vs. receiver's dynamic range.
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2.3.1.1 Gain vs Power efficiency
As we all know, an amplifier's gain is proportional to the transconductance, g,,, of its
input transistor. High g,,, is desirable for high gain. Using the standard saturation region

dc current equations for long channel devices, we can approximate:

1w
IDS = _K_ (VGS - Vt)z (2.24)
2 L
w
Im = KIIDS (2.25)
2
Gm (2.26)

Ips (as— Vo)
where K is a technology dependant constant, W and L are the width and length of the
transistor, Ipg is the drain-source dc current, Vg is the gate-source voltage and V; is the
threshold voltage. From equation (2.24) and (2.26), we notice that Ipg is directly
proportional to (V55 — V;)?2, while g,,/Ips is inversely proportional to (V55 — V). Figure

2.12 shows the Ipg and g,,,/Ips ratio vs. Vgs.
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Figure 2.12: Variation of Ips and g,/Ips with Vg in CSM 0.18 um RF CMOS technology (W=120 pm)

As seen in Figure 2.12, the g,,/Ips calculated based on equation (2.26) is fairly close
to the simulation one for V;g¢ > 0.55V. The ratio g,,/Ips doesn't approach infinity for
Ves = Vi which is 0.45 V in our simulation. This is because equation (2.26) is only
applicable for the transistor in saturation region. In sub-threshold region, the MOSFET
behavior is similar to a BJT, therefore g,,/Ips is nearly constant. The expression of

9m/Ips in sub-threshold region is :

Gm _ = (2.27)
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where n is the sub-threshold slope, which for the CSM 0.18 um RF CMOS technology is
roughly equal to 1.0-1.5. The analysis and simulation results clearly demonstrate the
trade-off between gain and power efficiency. High gain but low power efficiency is

achieved at high V¢ while high power efficiency but low gain is achieved at low V.

2.3.1.2 Linearity vs Current
Assume the main nonlinearity of a MOS transistor arises from transconductance

nonlinearity [19]. The IITP3[19] of an LNA can be calculated as:

4194

11P3 = 20logyo |5 (2.28)

3

where g; and g5 are the 1% and 3™ order coefficient of M; obtained by taking the
derivative of the drain-source dc current I, with respect to the gate-to-source voltage Vg
at the dc bias point:

_9%s _1070s 2.2
91 = v, 9% T 310303, (2.29)
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Figure 2.13: NMOS transconductance characteristics (GF 0.18 um CMOS process, W/L=120/0.18,
Vps=1V)

We fixed M;'s drain source voltage Vps and swept the gate source voltage V. The
first three derivatives of the drain source dc current Ipg with respect to V¢ are plotted in
Figure 2.13. For high IIP3, it is desired to biased the transistor near the "sweet spot"
where g; = 0. In our simulation, the optimum biasing point is V;g = 0.585 V. Shown in
Figure 2.14 is the |g,/gs| value which is proportional to the IIP3 value. As g5 — 0,
|g1/93| = o which results in a very high linearity. However, this requires a very
accurate biasing which is a difficult task since biasing voltage is prone to process
variations and circuit parasitic components. Outside the high linear region, we observe
that the linearity improves as Vg or Ipg increases. In this case, the task of a designer is to
choose Vs such that sufficient /IP3 is achieved while using as little power as possible to

accomplish this.
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Figure 2.14: |g/g;3| vs. Vs (GF 0.18 um CMOS process, W/L=120/0.18, Vjs=1 V)

2.3.1.3 LNA's Gain vs Receiver's dynamic range
The trade-off between LNA's gain and receiver's dynamic range can be explained

using these two equations:

F, -1 F;—-1 Fy—1 (2.30)
Ft t = Fl + + + b +
0 Apq Ap1Ap, Ap1Apz - Apin-1)
1 1 G, G,1G, G1G, ...Gy_4 (2.31)

11P3,, _1IP3, " 1IP3, T 11P3, * T 11P3,

As shown in equation (2.30), high LNA gain is required so that the noises added by
elements in the receiver lineup following the LNA are minimized. However, equation
(2.31) shows that the receiver's linearity decreases as LNA's gain increases. Using
equation (2.30) and (2.31), the overall NF and /IP3 of a receiver for the IEEE 802.15.4
standard were plotted with respect to the LNA's gain in Figure 2.15 and 2.16. The

performances of all the blocks right after the LNA are referred from [43].
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As expected, the receiver's NF is improved while the IIP3 is worsened as the LNA's
gain increases. The receiver's IIP3 becomes almost independent of LNA's gain when the
LNA's IIP3 is small (-25 dBm). This can be explained by equation (2.31). When the
LNA's IIP3, 1IP3,, is very small, 1/IIP3; becomes very large and dominates the right
side of equation (2.26). The receiver's IIP3 can be estimated by the LNA's /IP3.

In the IEEE 802.15.4 standard, the linearity requirement is not very stringent
(-32.5 dBm) , therefore the trade-off between LNA's gain and receiver's dynamic range

can be relaxed in our design.

2.3.2 Input Architecture

Recall from the previous section, it is known that input impedance matching to 50 Q2
is one of the common goals in LNA design. Input matching architectures in LNAs can be
classified into four types: CS with resistive termination, CG, CS with shunt feedback and
CS with inductive source degeneration. Each of these architectures can be implemented

in single-ended or differential form.

2.3.2.1 Common-Source Stage with Resistive Termination LNA

VDD

R.

M;

Figure 2.17: Common-source with resistive termination
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This technique uses resistive termination in the input port to provide 50 € input
impedance. As shown in Figure 2.17, a 50 Q resistor, Ry, is placed in parallel with the
input, to realize input matching for the LNA. However, this termination resistor generates

noise. The noise factor [27] of the circuit can be calculated as:

2 2 2 2 2.32
F = vn,out _ vn,o,Rs + vn,o,Rl + vn,o,Ml ( 3 )
2 2
vn,o,Rs vn,o,Rs

_ 4KT(Ry//R)GARIAf +12,R? 1

1 2p2 4kTRsA
ZngnRL A
where v ,,,; represents the total output noise; v, ps, Ve o gy and v2, 4 are the output

noise due to R, Ry and M, , respectively, k is the Boltzmann’s constant and T is the
absolute temperature. Transistor M; has various noise sources. For simplicity's sake, only
the channel thermal noise ﬂ = 4kTyga.0Af is taken into account where y is the
coefficient of the channel thermal noise and g4, is the transconductance at zero Vps ,

since in most conditions, channel thermal noise is the dominant noise source. Equation

(2.32) [27] can be further simplified to:

_4(Rs//Ry) | 4y y 1 (2.33)
F= + 2
Rs agmRs a gmRs

where g,,, is the transconductance of the input device, and « is is the ratio of g,, to the
zero Vpg channel conductance. The NF (10log,F) of this structure is very high. The NF
degradation is due to two reasons. Firstly, the added resistor R; contributes as much noise
as the source resistor R, does. It results in a factor of 2 in the first term of equation (2.33).

Secondly, the input is attenuated, leading to a factor of 4 in the second term of equation
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(2.33) [44]. The poor NF makes this architecture unattractive for applications where a

low noise as well as a good input matching is desired.

2.3.2.2 Common-Gate LNA

12

Figure 2.18: CGLNA
Figure 2.18 shows the simplified CGLNA. The CGLNA is well known for wideband

applications [45-53]. The input impedance and voltage gain of a CGLNA are:

1 (2.34)
Zin = g—m
A = gmR; (2.35)

To realize the input matching, its g, value is fixed at //Rs. As a result, only the load
impedance R; remains as a design variable. Moreover, due to the input matching
constraint, the transconductance of the input transistor cannot be arbitrarily high, thus
imposing a lower bound on the noise factor. Through derivation, total noise factor [26] of

CGLNA can be simplified as:
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1
ro1at (2.36)
ngS

When the input is matched, noise factor simply becomes 1 + y/a. This noise factor is
quite reasonable and acceptable. However, it is important to note that other noise sources
such as gate induced noise and substrate noise can degrade the performance substantially.
Furthermore, the load as well as the biasing circuits can generate additional noise. If we
consider the effect of finite transistor drain-source resistor, 7,4, the total noise factor of

this LNA is:

Rs +

1 + R
F=1+Z«g_m 1/rds+gm 1+gmrds

a Rs . 1+ ngs + (Rs + RL)/rds

(2.37)

1 R,
_l_& RS+1/rds+gm+1+gmrds
R,'\ Rs+R, + 1+ g,Rrys

as derived in Appendix A. In the noise analysis, the effect of gate noise is omitted since
its contribution to the total noise factor is negligible compared to other noise sources.
This assumption is verified through our simulations, where the gate noise accounts for
less than 3% of total output noise in all of the cases. If 143 = ©, Fegiya =1+
(y/a@)[1/(gmRs)], which is consistent with the textbook result. The channel thermal
noise of transistor M; and the thermal noise of the output load are accounted in the
second and third term of equation (2.37) respectively. This equation is derived for

CGLNA with resistive load. If inductive load is used, (2.37) becomes:
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1 R 2

p
F=1+Zg_m RS+1/rds+gm+1+gmrdS
a Rs 1 + ngs + (Rs + RP)/rds

(2.38)
1 Rp 2
T_L RS+1/TdS+gm+1+gmrdS
Rs'\ Rs+R,+ (1 + gmR)rys

where 7, is inductor loss and R, is the equivalent output impedance at the desired
frequency. The value of r; ranges from 0 — 15 Q for all the inductors we used in this
thesis. Let's represent the second and third term in (2.38) by k; and k,. When 1y is
increased from 0 — oo, k; increases from 0 = (y/a)/(gmRs) while k, decreases from
1. /Ry = 0. Equation (2.38) shows that the value of r;, has a great impact on the total
noise factor of the CGLNA. We will base on this characteristic to design a noise
cancellation scheme for the CGLNA which will be presented in Chapter 4. When 7,4 is
large, k, is much smaller than unity and k;. The effect of k, on the overall noise factor

can be neglected. Equation (2.38) can be simplified to:

R, + (2.39)

1 R N
F:1+Zg_m 1/rds+gm 1+gmrds

a Rs . 1+ ngs + (Rs + RP)/rds
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Figure 2.19: Noise and signal voltage at the source and drain terminal of CGLNA

Next, we will discuss some noise cancellation techniques for CGLNA in literature.
The technique in [54-56] is based on the signal and noise characteristic at the drain and
source terminals of the input transistor As demonstrated in Figure 2.19, the channel
thermal noise of transistor M;, which is modeled as a current source i4;, flows into node
X and out of node Y. This creates two correlated but out-of phase noise voltages at node
X and Y. On the other hand, the signal voltages at these two nodes are totally in phase.
The LNA in [54] is a single-ended design as shown in Figure 2.20(a). The principle of
noise cancellation in this LNA can be briefly explained as follows. The input signal
undergoes feed-forward voltage amplification whereas the channel thermal noise of
transistor M; undergoes subtraction at the output node due to two correlated but out-of-
phase noise voltages at the drain and source terminal of transistor M;. A residual factor
[54]:

_ Rsgm3 (2.40)
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Figure 2.20: (a) Single and (b) Differential CGLNA with noise cancellation

defines the degree of cancellation of M;'s channel thermal noise. § = —1 represents
disabling M3 and no cancellation while & = 0 represents full cancellation of M; noise. §
can be any value greater than -1. A minimum NF below 2 dB for broadband CGLNA was
predicted by maximally utilizing the available voltage headroom and power supply in a
given technology. The same noise cancellation principle can be implemented in a single-
input differential-output structure to eliminate the need of off-chip balun as shown in
Figure 2.20(b) [55-56]. The residual factor [55] defining the degree of cancellation of M;
channel thermal noise in this case is:

_R 1 (2.41)
Ry gm2R>

To achieve a well-balanced output, the gain of two branches must be equal in
magnitude and opposite in sign. Though simple in principle, this noise cancellation
technique has several limitations. Firstly, the cancellation and output balance are sensitive
to process variations (e.g., transistor and resistor matching). Secondly, the full

cancellation condition requires resistive output loading to maintain a precise ratio of
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Ri/R;. This will limit the maximum achievable gain and minimum required supply
voltage. And lastly, this technique uses an additional CS stage to cancel to noise of the
CG transistor. However, this CS stage still adds noise and consumes extra power to the
whole LNA. This technique may not be suitable for ultra-low power LNA. Reported in
[54-56], the LNAs consume 36 mW, 17.4 mW and 12.6 mW respectively.

The designs in [57] and [58] employed the capacitive cross coupling technique to
boost the transconductance value without drawing additional current. By doing so, the NF
of the CGLNA is reduced significantly. A complete noise analysis of this technique will

be discussed in chapter 5.

2.3.2.3 Common- Source Stage with Shunt Feedback LNA

Figure 2.21: Common-source input stage with shunt feedback

Figure 2.21 illustrates another topology, which uses the resistive shunt feedback to set

the 50 Q2 input impedance of the LNA. The input impedance [27] can be expressed as:

Zin = Rep /(1 + |Ay]) (2.42)
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where Ry, is the feedback resistor and A4, is the corresponding voltage gain which equals
to [1 — Im (RL // be)]. The noise factor [27] for this configuration can be expressed as

follows:

Gs + Gfb )2 < Gs + 9m >2 (2'43)
F=1+(="2") Ry(G, +vga0) + | ——22) R,G
<gm_Gfb s\YL ddo gm_Gfb sYfb

where ggq is the zero Vpgs channel conductance, G, Gsp, and G, is the conductance of the
resistors Ry, Rp and Ry, respectively. This topology is commonly used for wideband
applications. Compared to the conventional CGLNA, it normally can achieve lower NF.
However, it still has several disadvantages. Firstly, the input impedance Z;, depends on
Ry, and A,. Therefore it is sensitive to process variation. Secondly, the feedback signal
may contain substantial noise, thus raising the NF to an unacceptable level. Lastly, the
total phase shift around the loop may create instability for certain source and load
impedances. The analysis in [59] indicates that the drain noise is the largest contributor.
The work in [60] used noise canceling technique to reduce the channel thermal noise of a
wideband LNA of this structure. The noise cancellation principle is the same as in [54-
56]. Therefore it has the same disadvantages. The LNA in [60] consumes 35 mW from

2.5 V supply voltage which is quite high for our targeted application.

2.3.2.4 Common-Source Stage with Source Inductive Degeneration LNA
Figure 2.22 shows the fourth architecture which employs source inductive

degeneration to generate a real term in the input impedance. The input impedance [3] is:

. GmLs (2.44)
Zin =] (a)Lg + wlL; ngs> + Cor
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Figure 2.22: Common-source input stage with source inductive degeneration

The input impedance has a resistive term g, Ls/Cys, Which is directly proportional to
the inductance value. Whatever value this resistive term is, it does not generate thermal
noise like an ordinary resistor does, because a pure reactance is noiseless [61]. Therefore,
this structure can be exploited to provide the specified input impedance without
degrading the noise performance of the amplifier. To get the 50 Q input impedance, let
the real part g,,Ls/Cys, of equation (2.44) equal to 50 € and the imaginary part [ng +
wlLs—1/ (a) Cgs)] be zero at the frequency of interest. The resonance frequency is

therefore:
1 (2.45)

/(Lg + Lg)Cys

A detailed noise analysis and optimization of the LNA with this architecture are

(l)O:

presented in [11] and will not be repeated here. The noise factor can be simplified as:

w
F=1+24220 (2.46)
awr
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where wr = gy /Cys is the unity current gain frequency. Based on the analysis in [44],
the CS topology with source inductive degeneration provides a low NF, comparable gain
and low power consumption. Currently, this topology is widely used in the design of
CMOS narrow-band LNAs [62-73]. However, in system-on-chip (SOC) design, inductor
L, normally has low quality factor, i.e., has large parasitic resistance which significantly
affects the input matching and the NF of the LNA. The input impedance which takes into

account the effect of parasitic resistance, 73, of inductor L is:

, ] 1 ImLs (2.47)
Zin =] <(U0Lg + (UoLS - wOCgS> + Cgs + T,

Substituting Cys = 1/ [wg(Lg + Ls)] into (2.47) at matching condition Z;, = R, , we
have derived the relation of L, and L; as followed:

Z Ro-n I, (2.48)
Ly= 242 L_9

4 gnwi 2

The unity current gain frequency is derived as:

(2.49)
Im 2 L?q Rs -1 Lg
wr = —=gnwi(L, + L) = /— + + =
T Cgs Im 0( g s) Im 4 gmwz 2

The noise factor including the effect of 7y is:

w T
Fr=142420, 00 (2.50)
awr R

From equation (2.49), it is shown that wy increases as L, increases. Therefore, an
increasing in Ly results in a reduction of the second term but an increasing of the third

term in the noise factor equation (2.50). To achieve the minimum NF, the L, must be
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carefully chosen to balance the trade-off between the second and third term. Figure 2.23

shows the L-CSLNA's NF at different L, value. The minimum NF occurs near

L, = 7 nH in our simulation.

9

0 2 4 6 8 1b 12 14 16 18 20
Lg (nH)
Figure 2.23: NF of L-CSLNA vs L, (g,, = 40 mS,w = 2w 2.4 GHz,R; = 50 Q)

2.3.3 Tuning techniques of LNA's Load

Besides the input matching network, the tuning techniques applied to the load at the
device output will also affect the performance of the LNA. A good design of the tuning
load helps to reject out-of-band signals and noise as well as to achieve a high gain. Three
types of tuning loads commonly used are: resistive load, passive LC load and active

inductor and passive capacitor load.
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Figure 2.24: LNA with resistive load

2.3.3.1 Ordinary Resistor as Load

As shown in Figure 2.24, an ordinary resistor R; is used as the LNA output load.
Sometimes, resistor R; is replaced by a MOS transistor. This method produces wideband
output impedance and can be easily implemented. However, it is not suitable for low
noise applications, because the resistor generates thermal noise. Moreover, the use of
resistive load will reduce the voltage headroom across the transistor significantly. This

will result in poor linearity performance if low supply voltage is required.

2.3.3.2 Passive LC as Tuning Load

Figure 2.25 shows another type of load. It is the most prevalent type used in LNA
design [74-77]. 1t is used extensively in communication circuits to provide selective
amplification of wanted signals and to filter out unwanted signals to some extent. The

RLC network has an admittance of:

1
Y= (a)CL - w—LL) +1/R, (2.5

where C; equals to the total parasitic capacitances at the drain terminal of M; plus the

capacitance of next stage, R, is the equivalent parallel resistance of L;. When the
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inductor L; and capacitor C; are designed to resonate at a selected frequency, the
impedance is purely real and at its maximum. The higher the quality factor of L is, the
larger Ry, is, and the higher the voltage gain is. This type of tuning load is very suitable

for narrow-band applications. It allows LNAs to achieve substantial gain at relatively

high frequencies with low power consumption.
VDD

R, Ly

Input Matching CL
Network —I M; I

Rs

Figure 2.25: LNA with passive LC tuning stage

In practice, the silicon-based on-chip spiral inductor does not have a large quality
factor Q. Hence, R, is not very high. R, is normally less than 1 k€ for most of the cases.
There are several ways to increase R,,. One way is to use high-Q off-chip inductors by
sacrificing the market demands for highly-integrated products. Another way is through
process modification to obtain a higher inductor Q. For example, a higher Q can be
achieved by removing the inductor’s underlying silicon substrate or by using a thick top
metal. These might introduce additional processing steps and increase the cost. The third

way is to use the Q-enhanced technique [78-80], as illustrated in Figure 2.26.

42



V; |: .
om—| M, =4 C. R, L | -R,

Figure 2.26: The Q-enhancement technique

The basic principle of the Q-enhancement technique is to add a negative conductance

to the LC resonator so that the resistive loss of the inductor can be compensated. Without
the negative resistance — R,,, Q can be expressed as Q= (M) R, [26].
The above equation indicates that Q is drastically reduced because of the ohmic loss in
the inductor. To reduce the effect of R, on the Q, a negative resistance —R,, is employed
to compensate the loss in the inductor. Thus the Q of the tuned circuit increases to
Q= (m)RpRn /(R, — Rp). With this method, the achieved Q can be 20 or even

higher. R,, can’t be larger than R, ; otherwise, the circuit will oscillate [26].

2.3.3.3 Active Inductor and Capacitor as Tuning Load

Due to the limitation of spiral inductors, for example, large chip area or parasitic
capacitance and resistance loss, active inductors that can be implemented with a
reasonable physical size offer a good alternative for its passive equivalent [81-85].
Traditional active inductors are typically implemented by using high gain operational
amplifiers with negative feedback, and are unsuitable for operating frequencies up to
gigahertz. Another type of active inductor is implemented by exploiting the parasitic
capacitance of the transistors to generate the required poles and zeros [81-85].

Figure 2.27 illustrates a simplified schematic diagram of an active inductor [86].
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M, |

Figure 2.27: Simplified schematic diagram of an active inductor

By varying I, and I», the required value of the inductor can be obtained. There are two
limitations for this circuit. Firstly, it has poor linearity [86]. Secondly, the active inductor
has poor noise performance. In general, active inductors are always noisier than passive

inductors due to the active devices.

2.3.4 Ultra-low power LNA design

The conventional L-CSLNA is widely used in narrow band applications due to its
high gain and low noise advantages. However, when the NF requirement is not very
stringent, other topologies can be explored in order to minimize the power consumption.
In [87], the cascode-CS topology is used together with an inter-stage inductor to enhance
the gain of the input stage. A low power of 0.8 mW and a NF of 4.1 dB are reported. This
LNA efficiently trades the NF with the power consumption. However, four on-chip
inductors are needed in this design which results in a large chip area. The work in [57]
introduces a g,,-boosting scheme that helps to improve the noise performance of the CG

topology making this topology attractive for narrow band applications. This LNA

44



achieves a low NF of 3 dB while consuming 6.48 mW of dc power. Such a low NF is not
necessary in our application; therefore this technique can be explored in order to

effectively trade the NF for low power consumption.

2.3.5 IEEE 802.15.4 Specifications

The IEEE 802.15.4 standard covers three frequency bands, i.e., 868 MHz, 915 MHz,
and 2.4 GHz. The popular 2.4 GHz industrial, scientific, and medical (ISM) band was
chosen for this work because it is an unlicensed band and is accepted worldwide.
Furthermore, 2.4 GHz is a high enough frequency (compared to 868 MHz, and 915 MHz
band) to permit integration of high quality on-chip inductors with reasonable size [88].
Receiver’s specifications [43] that are important to the LNA design is shown in
Table 2.1. The IEEE 802.15.4 standard has a system bandwidth spanning 83.5 MHz. This
83.5 MHz bandwidth is divided into 16 channels each with a bandwidth of 2 MHz, and

spaced by 5 MHz.

Table 2.1: IEEE 802.15.4 Receiver requirements

Receiver’s Specification Requirement
Bandwidth 83.5 MHz
NF <19dB
1IP3 > -20 dBm

45



We aim to optimize our LNA design in two directions; one is for low NF and low
power and the other one is for high gain. We need to formulate two sets of LNA
specification requirement for our designs. The work in [43] and [89] introduced two
different receiver system for the 2.4 GHz ISM band. One used active mixer and the other
used passive mixer to realize the front-end. Based on the performances of all the blocks
right after the LNA in [43] and [89], we formulate the required specifications for our
LNAs. For the system using active mixer at its front-end, we set the LNA's targeted gain
to be 15 dB. If passive mixer is used, higher LNA's gain is required. Our targeted gain for
this case is 21 dB. The other LNA’s specifications are derived in Table 2.2 respectively.

S11 and S;, represent the input matching and reverse isolation of an LNA.

Table 2.2: IEEE 802.15.4 LNA requirements for system using active mixer

INA’S LNA’s Requirement LNA’s Requirement
Specification (low NF) (high gain)
Bandwidth 83.5 MHz

Gain 15 dB 21 dB

NF <16.19 dB <18.9 dB

IIP3 >-19.77 dBm >-20 dBm

Si1 <-10dB <-10dB

Si2 <-30dB <-30dB
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Chapter 3: LNA1-Series input resonance

common-gate LNA

3.1 The proposed series input resonance CGLNA (LNA1)

LNAT1 combined the series RLC input matching network of the L-CSLNA with the
CGLNA topology. The RLC input network adds an additional degree of freedom to the
input matching design and improves the NF of the CGLNA. These advantages will be

presented below.

3.1.1 Input matching
Figure 3.1 and 3.2 show the schematic of LNAI and its equivalent small signal circuit

for input matching analysis.

Figure 3.1: The proposed CGLNA with series input matching
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To reduce the chip area, resistor R; is used to connect M;'s source terminal to ground
instead of an inductor. C, is the total capacitance at node Y. Resistor rz, is the parasitic
resistance of the gate inductor L,. Rj, is the impedance looking into the transistor source
terminal from node Y. If an infinite transistor output resistance, 14, is assumed, it is easy
to show that R;, = 1/g,,. However, in practice, especially in short-channel MOSFET
case, where 14, is not very large, the effect of the finite transistor output resistance, 7y,
has to be taken into account. In CG topology, 14 forms a positive feedback and the input

resistance R;, becomes:
Rin = (ras + Rp)/ (1 + gmTas). 3.

where R,, is the equivalent output impedance.

Figure 3.2: Equivalent input matching network of the CGLNA with series input matching network

The parallel input network is converted into a series input network as seen in Figure

3.2. The input impedance is:

Ca N 1/Rq
(1/Ra)* + w5Cs|  (1/Ra)* + wiCE

Zin = jwg |Lq + T (3.2)
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In (3.2), R, equals to R;,,//R;. The resonance frequency is found to be:

1 (1/R,)?
Wo = \/LaCa — /Cg (33)

Based on the small signal circuit in Figure 3.2, the input impedance of LNAI at

resonance frequency w, can be simplified as:

1

R, =
" 1/Ry + wiCER,

+ 7q = Roer + Tiq (3.4)

As discussed in section 2.3.2.2, in the conventional CGLNA, if the g, value is
smaller than 1/R,, the input impedance is not matched to the source impedance. In our
LNA, capacitance C, adds an additional degree of freedom to the input matching design.
The impedance can be matched to the source by designing the value of C, so that
R;, equals to the source impedance, R, at the resonance frequency. The proposed input
matching network makes it possible to implement the CG topology for cases where g,, is
smaller than 1/R; . From (3.3) and (3.4), the capacitor C, and inductor L, at resonance

frequency can be expressed as follow:

. \/1/[Ra(Rl-n -~ n;)] — (1/R,)? (3.5)
Wy
and
Ca
L (3.6)

" (1/R)? + w2CZ
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The quality factor of the series network is:

Q. = (wOLa)/(Rser + rLa)~ 3.7

The components in the series network areL,, Cg, and R;, where, Cg, is
C,(1+1/Q?). According to Figure 3.2, at resonance, the series matching topology

boosts the voltage at the source of M; by:

& — Rser + 1/(ijCser) — Rser + 1/(ja)0cser)
VX Rser + TLa + 1/(ijCser) + SLa Rser + TLa Rser + TLa

(3.8a)
Rser wOLa

= [Rser/(Rser + rLa) _jQL]

Rser + TLa Rser + TLa

Thus the effective transconductance and the overall voltage gain is enhanced by a

gain Gg,,, where Gg,, is defined as:

Ger = \/[Rser/(Rser + 7"La)]z + QLZ (3.8b)

3.1.2 Noise analysis

o
L }

Figure 3.3: Noise analysis small signal model of LNA1
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The small signal model shown in Figure 3.3 is used to derive the NF of this LNA. In
the noise analysis, the effect of gate noise is omitted since its contribution to the total NF

is negligible compared to other noise sources. The noise factor of the conventional

CGLNA including the effect of R; and C, is:

1 R 2
P
_ Y 9m RS+1/Tds+gm+1+gmrds
Fegina =1+ 31-ER— 1
st 1+ ngs + (Rs + RP)E
, (3.9)
R, + 1 4o Re
TL_L s 1/rds + Im 1+ ImTds &
Bi. R 1 + R
$ 1+ngs+(Rs+RP)E 1
where
B =00+ RS/Rl)2 + (wOCaRS)Z (3.10)

If Ry, = and C, = 0, then §; = 1 which is consistent with the results derived in
Appendix A. M;'s channel noise, R;'s thermal noise and L;'s parasitic resistance, ryz,'s
thermal noise account for the second, third and fourth term in (3.9) respectively. The total

noise factor of the proposed LNA is derived as follow:

51



1 R 2

Ry + + .
1 1
FL—CGLNA =14+ ,82 Zg_m /rds + 9m + GmTas

@ Ry 1+ngs+(Rs+Rp)%
S
1 R 2
R + tir o
+ ,3 TL_L s 1/rds + 9m 1+ ImTas (3.11)
2- RS .

1
1+ g,Rs + (Rs + RP)E

Rs TLa 2 (wOLa)Z TLa
—(1 - - - ihed
+ R1< +RS> * RiR; +RS

where
.82 = [1 + (Rs + TLa)/Rl - w(%LaCa]z + (wOCaRs + wOLa/Rl + wOCarLa)z (3-12)

The fifth terms in (3.11) is due to the thermal noise of 7;,. The use of series input
inductor L, introduces extra noise to the circuit due to the inductor parasitic
resistance 7;,. However, the negative component which is (—w3L,C,) in the expression
of B, helps to lower the noise contribution of M,'s channel thermal noise and r;,'s thermal
noise when compared to the conventional CGLNA. A conventional CGLNA was
designed to compare its NF with LNA1. The circuits were simulated with different values
of g, such as 6 mS, 8 mS and 10 mS. The NF simulation results are shown in Figure 3.4.
Our CGLNA with series input matching achieves much lower NF than the conventional
CGLNA. By adding the series inductor L,, the noise contribution from the channel
thermal noise is reduced resulting in a lower NF of LNAI1. The simulation results agree
well with the analysis. There is a great improvement of NF. When g,, is at its lowest

value which is 6 mS in our simulation, the NF improvement is up to 1.2 dB.
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Figure 3.4: Simulated NF versus different g,, values in the 0.18um RF CMOS technology

3.1.3 Circuit implementation

To demonstrate the idea, an LNA was designed and fabricated in a standard 0.18 um
RF CMOS technology. To further improve the gain performance of the circuit, two big
capacitors C,. were placed across the two sides of a differential input stage to effectively
boost the transistor’s transconductance value without requiring extra dc current. The use
of C. introduced an inverting amplification, A, at the source and the gate terminal of the
input device. The inverting amplification value is approximately given by the capacitor

voltage division ratio: C./(C. + Cg4s) where Cys is the parasitic gate-source capacitance of

the input transistor. When C. is designed to be much larger than Cg,, the transconductance

is effectively boosted to (1 + A)gm, = 29, This increases the voltage gain by two times,

making the total improvement in voltage gain becomes 2\/ [Rser/(Rger + 11a)]? + QF,

and the total noise factor is reduced to:
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R + 1 R 2
:82 )/ gm 1/Tds + 9m 1 + gmrds

FL CGLNA _1+

2 R
a 1+ngs+(Rs+Rp)E
1 R 2
Ry + + .
+ & TL_L S 1/rds + Im 1+ ImTds (3.13)
2R\ 1t g+ (R4 Re)
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Figure 3.5: Variation of g,, and g, /Ips with Vg and transistor size in the 0.18 um RF CMOS

technology

The g,, value of the input transistor is chosen based on the gain requirement. After
deciding the g,, value of the input transistor, the value of C, and L, can be determined
based on equation (3.5) and (3.6). C, can be realized by using the parasitic capacitances
of the input transistor. Extra capacitor may be added if required. In most of LNA designs,

the S;; minimum requirement is -10 dB. This means that R;, can range from 30 Q to
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70 Q. Let’s say we choose g,, = 10 mS, based on equation (3.5), the value of C, is
calculated to be from 0.31 pF to 1.02 pF. As long as the value of C, is in this range, the
LNA can achieve a S;; better than -10 dB.

Figure 3.5 shows the variation of g,, and g,,/Ips With V¢ and transistor size in the
0.18 um RF CMOS technology. As the transistor size increases, the g,, curve moves
upward. The g,,/Ips curves are almost the same for different transistor sizing. For the
same g,, value, an LN A with larger transistor size has larger g,,,/Ips value or better gain
efficiency as seen in Figure 3.5. However, this advantage comes with a NF tradeoff.

Based on equation (3.9), NF is reduced as 7,4 decreases. For the same g,, value, an
LNA with a smaller transistor size has smaller 7,4, therefore has better NF. Figure 3.6(a)
and 3.6(b) show the NFs of the CGLNA and the proposed LNA versus different transistor
sizes. The g,, value is kept constant at 10 mS for all cases. The simulation results agree
well with the analysis. The NF increases as the transistor size increases. Based on the
figure of merit in [91], a ratio of (g,,/Ips)/(F — 1) can be used to decide the optimum
transistor size and biasing point. Figure 3.7 plots this ratio vs. transistor size at 2.4 GHz.

In our simulation, the highest value occurs when the transistor width is 150 pm.

4.5

T W=150um
T 43

W=120um

—

& 3
Q 241
e w | :
w z = s =120u P
z eSS o

4.2 ~_ W=60um 39—~ ~W=90um -

B s - W=60um_
4.0 3.7
20 225 25 275 3.0 2.0 2.25 2.5 275 3.0
Freq (GHz) Freq (GHz)

() (b)
Figure 3.6: Simulated NF versus different transistor sizes at g,, =10 mS in the 0.18 ym RF CMOS

technology (a) CGLNA (b) LNA1
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Figure 3.7: (g, /I5s )/(F — 1) of LNAL1 vs transistor size at 2.4 GHz and g,, =10 mS in the 0.18 pm
RF CMOS technology

The schematic and chip micrograph of LNA1 is shown in Figure 3.8. The LNA was
designed using standard Vj, transistors, metal-insulator-metal (MIM) capacitors, and
standard spiral inductors. Transistor M;, and M3, were added to improve the reverse
isolation and reduce the Miller capacitance between the gate and drain of the input
devices, M;, and M;,. The transistors were biased at 0.5 mA with a 1.0 V supply.
Capacitor C, is realized by the parasitic capacitances from transistor M;, and Mz,.
Capacitors C. are designed to be large so that they are short circuit at the resonance
frequency. The second stage of the LNA is a source follower buffer. It has 50 € output
impedance to match with the 50 Q load of the measuring equipment. The load of the first
stage was tuned to 2.4 GHz using L; and the input capacitance of the second stage. The
total chip size including pads and bypass capacitors is 0.98x1.20 mm”’. The design

parameters are summarized in Table 3.1.
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Figure 3.8: (a) Schematic and (b) Chip micrograph of LNA1

Table 3.1: Design parameters of LNA1

Design
paramfters My o, Myp, M2 0, M2y Cp, Cc L, Ly R, R,
Value 150 um/0.18 um | 10pF | 2.6nH | 7.8nH | 500Q

3.2  Measurement results and discussion

The measurement setup is shown in Figure 3.9. The LNAs are measured using the
HP8510 Network analyzer which has a built-in NF personality. The measurement is
based on RF-probing. The basic test setup includes a wafer probe station, the HP8510
network analyzer system and a bias supply. The network analyzer consists of a sweep
synthesizer (so that measurements will be repeatable), a test set which includes two ports,
a control panel, an information display, and two RF cables to hook up the design-under-
test (DUT). Each port of the test set includes dual directional couplers and a complex

ratio measuring device.
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Figure 3.9: Measurement set-up

A test signal is generated by the signal generator ( from the network analyzer). The
test set takes the signal generator output and routes it to the DUT and it routes the signal
to be measured back to the receiver of the network analyzer. The receiver makes the
measurements. A network analyzer will have one or more receivers connected to its test
ports. This set-up was used for the measurement of all four LNAs. Figure 3.10 shows the
measured S;; and S2; of LNA1. The LNA has better than -10 dB input matching over the
desired band. At 2.4 GHz, the voltage gain is 15 dB. Figure 3.11 shows the measured
and simulated NF of the LNA. The measured NF exceeded the simulated NF by 1 dB.
This difference can be attributed to the poor noise modeling and process variation. At 2.4

GHz, the measured NF is 5 dB.
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Figure 3.10: Measured and simulated S;; and S;; of LNA1
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Figure 3.11: Measured and simulated NF of LNA1

Figure 3.12 shows the S;» and stability factor K and A. For an LNA to be stable, K and
A must be larger and smaller than unity respectively. LNAI has high reverse isolation and

is stable at the frequency of interest as seen on Figure 3.12. (S;2 = -63 dBm, K>1 and A<1
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at 2.4 GHz). The LNA core only consumes 0.98 mW power from 1.0 V supply voltage,
making it suitable for low-power applications. The measured /IP3 of the LNA core is
-19 dBm. The use of resistor at the source of transistor M;, and M, together with the low
supply voltage at 1.0 V has limited the linearity performance of this LNA. LNAI's

performance is summarized in Table 3.2.
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Figure 3.12: S;, , K and A of LNA1
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Table 3.2: LNA1’s measurement results

LNA’s Specification | Requirement Measurement results
Gain 15 dB 15 dB
NF <16.19 dB 5dB
IIP3 >-19.77 dBm -15dBm
Si1 <-10dB -11 dB
Si2 <-30dB -63 dB

The comparisons of this LNA with recently published 2.4 GHz LNAs and state-of-
the-art ultra-low power LNAs are summarized in Table 3.3. Two figure of merits (FOM)
[91] are used to compare the performance of the LNAs. The FOM1 is a function of the

operating frequency, gain, noise factor, and power consumption. It is given by:

Fre .Gain 3.14
FOM1 = 10l0g10< 4(GHz) (mag)> ( )

(F - 1)mag- PDC(mw)

FOM?2 includes IIP3 and is given by:

Fre .Gain 3.15
F0M2=1Olog10< AeGHz) (m“g).up3mw> ©-15)

(F = Dmag- Pocimw)

The LNAs in [30, 43, 92, 93] have better NF but consume much more power than
ours. Moreover, such low NF is not necessary for our application. The works in [21] and
[77] have better FOM than ours. Both designs bias the transistors in sub-threshold region
for high power efficiency. [21] has good FOM due to its high gain of 21.4 dB which is
achieved by using large resistive load. Therefore, it can’t operate at low supply voltage

such as 1.0 V. [77] achieves the best FOM due to its low supply voltage (0.6 V).
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However, it has low gain of 9.1 dB. This is due to the small inductive load of 2 nH. Our

FOM?2 is low due to the low IIP3. In order to improve the FOM?2, in the next designs we

will increase the linearity. To improve the FOM 1, we will reduce the NF, increase gain or

reduce the power consumption.

Table 3.3: LNA1’s performance comparisons

[771 | 1951 | [21] | [30] [92] [93] | [43] | LNA1
Tech | 130 | 130 | 180 | 130 130 130 90 180
(nm)
Freq
GHp) | 30 5.1 2.4
Pdc
mw) | 04 | 103 | 113 6.5 17 32 3 0.98
Gain | o, | 193 | 214 13 10 16.5 15 15
aB) . . . .
NF
dB) 47 | 53 | 52 3.6 3.7 2.66 3 5.0
Si 17 | <177 | -19 | -14 25 | -11.8 | 30 | -11
(dB) ' )
IIP3
@m) | 11| ma | -1 n/a 67 | 493 | -7 -19
Voo 0.6 0.4 1.8 1.2 1.2 1.2 0.6 1
V)
FOMI
(az) 104 | 832 | 1033 | 1.07 | -47 | 773 | 655 | 8.04
FOM?2
(a5) 06 | nfa | 067 | nfa | -1149 | 28 | -04 |-10.96
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3.3  Conclusion

In this chapter, an ultra-low power sub-mA series input resonance with g,,-boosting
technique differential CGLNA was presented. The design methodology was explained,
the proposed LNA was fabricated and its performance was compared with other works.
Unlike the conventional CGLNA, the g,, value of this LNA is not fixed by the input
matching condition which makes optimizing for low power possible. The LNA consumes
only 0.98 mA from 1.0 V supply voltage and attains a measured NF of 5.0 dB and gain of
15 dB at 2.4 GHz. The LNA shows excellent trade-off between NF and power
consumption. The measured power consumption is among the lowest in current literature.
The proposed technique makes the CG topology attractive for low-power fully integrated

designs.
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Chapter 4: LNA2- A noise reducing technique for
common-gate LNA using shunt inductor

The parallel RLC input matching network of the CGLNA limits its noise and gain
performance. At resonance, the CGLNA’s input impedance is 1/g,,. Matching the input
impedance of the CGLNA to the source impedance restricts the choices of power
consumption and device size. In LNA1 design, we proposed a technique to overcome this
limitation. Although its performance has met the requirement for the 2.4 GHz ISM band
of the IEEE 802.15.4 standard, we wished to improve the NF and linearity to achieve
better FOMs. In this chapter, a new CGLNA design with noise reducing technique using

shunt inductor will be proposed.
4.1 Noise analysis

In LNAI1 design, the source terminal of the input device is connected to ground
through a large resistor. Although resistor size is much smaller than that of inductor, its
noise contribution to the overall NF is quite significant. In LNA2, we decided to connect
the source terminal of the input device to ground through an on-chip inductor to achieve a

better NF.

4.1.1 Conventional non-cascode CGLNA
The conventional non-cascode CGLNA is shown in Figure 4.1. Inductor L, resonates
with the total capacitor at the source of M; at the frequency of interest. The total NF of

this LNA including the effect of finite drain-source resistor, 7451, of transistor M is:
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1 R,

R + +

F =1+ ngl S a1 ¥ 9ma - 1+ Gmalasa

corvat a Rs 1+ ngs + (Rs + RL)/rds

4.1

1 R g

R + + L
+ & s 1/rd51 + Imi 1+ ImiTds1
Rs Rs + RL + (1 + gmle)rdsl
as derived in Appendix A.
VDD

]

Figure 4.1: Non-cascode CGLNA

4.1.2 Conventional cascode CGLNA

A cascode CGLNA as seen in Figure 4.2(a) can be considered as a two-stage CG-CG
amplifier. C}, is the by-pass capacitor. Cy includes all parasitic capacitances of node X, as
well as junction capacitors and the gate—source and drain-source capacitance of M and
M;. Due to the existence of the parasitic capacitance Cy, the influence of the cascode
transistor to the overall NF increases. The load of stage 1 is the total impedance looking

upward from node X which is:
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B 1 (4.2)
= 1+ Im2Tds2
Tas2 T Rp

Z

+ sC,

where R, is the equivalent parallel impedance of inductor L;. The channel thermal noise

of M and the effect of 145, on the overall NF will be considered in stage 2. According to

the voltage gain derived in Appendix A, the gain of stage 1 is therefore equals to:

_ 1/Tdsl + Im1 _ 1/Td51 + Im1 (4~3)
L= =
Vtas +1/Zun gy, 4 1¥ Gmalas2 | o
Tas2 t Rp
Voo Voo
L S R S
L | | L,

I | I
Stade 2 | Stadle 2 |

I Mo
Me | | ¢ > |
Cx > | X |
J

I

L
}
|
H
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!

$

ity Sl L, |
= | v 1 =1 AUl m La |
I Vi | | > I
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I
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Figure 4.2: (a) Conventional cascode LNA (b) The proposed CGLNA with noise reduction technique
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The total noise factor of the cascode CGLNA is:
Feginaz = F1+ (F, —1) /A, 4.4)

where F; and F, are the noise factor of stage 1 and 2. They can be calculated as:

2

1 Z
Rs + + L1
F,=1+ Y 9m1 S Urasi +gmi - 1+ gmiTasa (4.5)
' a RS 1+ gmlRS + (Rs + ZLl)/rds
1 R, 2
R + +
F,=1+ Y Gmz S Urasr + gma = 1+ gmoTaso
2 a Rs 1+ ngRs + (Rs + RP)/rds
(4.6)
1 R 2
R, + + L
+ T_L ST 1ras2 ¥ 9me 1+ GmaTus2

Rs. Rs + Rp + (1 + ngRs)rdsz

In (4.6), 1, is the parasitic resistance of inductor L;. To minimize the effect of the
cascode stage, one should increase the gain of stage 1. This can be done by designing the
LNA such that g,,; > gm2. From equation (4.4), we note that despite the improvement
in reverse isolation, the use of cascode stage could introduces significant amount of noise

to the overall LNA especially when A is small.
4.1.3 The proposed LNA with noise reduction

In order to reduce the Fggrya 2, Fy should be decreased and A; should be increased.
In equation (4.5), if 1451 — 0, then F; = 1. In equation (4.3), if a negative imaginary
component is added to the denominator of A, to cancel sC,, A; can be increased. In the

proposed LNA (LNAZ2), inductor L, is added in parallel with transistor M. Resistor 7, is
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the parasitic resistance of inductor L,. Similar to the cascode CGLNA, the total noise

factor of LNA2 is:

Feona shunt = F1 + (Fz - 1)/14/1 4.7

where F; and F, are the noise factor of stage 1 and 2 in the proposed LNA respectively
and F, can be calculated using equation (4.6). In LNA2, the equivalent drain source
resistance of M is gy = Tqs1//(SLgq + 74). If Ly = 0 then F; — 1. This means that the

smaller L, is, the lower F; becomes. The gain, A;, and noise factor, F;, of stage 1 are

defined as:
Ar _ 1/rdsl + 1/(5La + ra) + Imi1
;=
1/Tge1 +1/(SLg + 1) + —1: gr_’ll_zgdsz + sCy
ds2 p
2 2
1 1 1
Im1 + - + I + 1
dsi (UoLaQL (1 + _2> (UoLa (1 + _2)
_ QL ! L
= > ~ 2 4.8)
1r+ 9712;(152 t rl + - 1 + [Wolx — : 1
sz TP BT wolaQy (1 + _2> woLq (1 + _2)
\ QL L
1 Z 2
R + 7 + Ll I
o4 dm f gt 9ma 1+ Gma Tas 4
j =142 0m , *9)
a Rs 1 + gmle + (Rs + ZLl)/ rdsl

They are derived using the equivalent small signal circuit in Figure 4.3 below. In
equation (4.8) and (4.9), Q, is the quality factor of L, and w, is the operating frequency.

When L, increases from zero nH to a value, L, cgncer, 0f which the added negative
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imaginary component in the denominator of A; approaches sC,, A; increases and the

noise contribution from stage 2 (F,) reduces. Lg cancer can be calculated as:

La cancer = 1/[(‘)5Cx(1 + 1/012,)] (4.10)

las'=ras1// (SLa+r2)

9m1Vgs
lds1 L

id1

Cy | 17/9ma>> las2

Figure 4.3: Small signal model used for noise analysis in the proposed LNA2

On another hand, when L, approaches zero, ¢, also approaches zero which makes
the denominator of the second term in equation (4.9) become infinity. As a result, F; — 1.
Therefore, there is an optimal value of L, which results in a minimum Fcgina shunt
which is determined by (F1 + (Fz — 1) /A;). To verify the theory, we simulated the NF
performance of LNA2 with various L, values. The L, value is swept from 0.5 nH to
15 nH. Figure 4.4 shows the noise contribution of three main noise sources in the
proposed LNA which is the input source thermal noise and the channel thermal noise of
M, and M. In our simulation, when L, increases, r;¢; also increases which make the
noise contribution of M; increases. The noise contribution from M> decreases because the
added inductor helps to lower the effect of capacitor C, on the gain of stage 1 therefore

reduces the noise from stage 2. The optimal value of L, is found when the input source
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thermal noise contribution percentage is the highest which results in the lowest NF. In our
simulation, the optimal L, value is 3 nH. Figure 4.5 shows the NF of our LNA and of the
conventional cascode CGLNA. The power consumption of the two circuits is the same.
As expected, the NF of the conventional cascode CGLNA is 2.3 dB worst than ours at
2.4 GHz. The measured NF exceeded the simulated NF by 1 dB due to poor noise
modeling and process variation. However, the LNA2's measured NF is still better than

the CGLNA's NF by 1.4 dB.
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Figure 4.4: Noise contribution of different noise source in the LNAs
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Figure 4.5: NF of LNA2 and conventional cascode CGLNA
4.2  Circuit implementation

To demonstrate the idea, LNA2 was designed in a standard 0.18 um RF CMOS

technology. The schematic of LNA2 is shown in Figure 4.6(a).
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Figure 4.6: (a) Schematic and (b) Microphotograph of LNA2
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On-chip inductor L, acts as output impedance. Capacitors C;, are bypass capacitors.
On-chip inductors L; are used to tune out the total capacitances at the source nodes
including pad capacitances. The second stage of the LNA acts as an output buffer. It has
50 Q output impedance to match with the 50 Q load of the measuring equipment. The
loading effect of the buffer is determined to be about the same as the mixer loading effect
on the LNA stage. The chip micrograph is shown in Figure 4.6(b). The total die area
including the output buffer and ads is 0.9x1.0 mm® The design parameters are

summarized in Table 4.1.

Table 4.1: Design parameters of LNA2

Design Parameter M, M, Lg L, L, Cy

150 um 100 um

Value /0.18 um | /0.18 um

34nH | 10nH | 3nH | 10pF

4.3 Circuit performance and discussion
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Figure 4.7: S;; and voltage gain of LNA2

The LNA gain and S;; are plotted in Figure 4.7. The LNA’s peak voltage gain is

14.8 dB. This gain is slightly below the targeted gain 15 dB. Gain can be improved by
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slightly increasing the power consumption. The parasitic resistance of the wire
connection from L; to Vpp reduces the quality factor of L; which results in a lower gain
and wider bandwidth as showed in Figure 4.8. The LNA achieves a NF of 4.5 dB at
2.4 GHz. The measured NF exceeded the simulated NF by 1 dB. This difference is
attributed to the poor noise modeling and process variation and the value of inductor L, is
no longer at its optimum point which results in a poorer NF. However, the measured NF
of our LNA is still much better than that of the conventional CGLNA which is 5.9 dB at

2.4 GHz as shown in Figure 4.5.
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Figure 4.8: S;;, 52, , K and A of factor of LNA2
The LNA has good input and output matching at the frequency of interest. It has high

reverse isolation and is stable at the frequency of interest as seen on Figure 4.8.
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(S;2=-37dB , K>1 and A<lat 2.4 GHz). The core LNA draws 0.95 mA froma 1.0 V
supply voltage. Total power consumption is 0.95 mW. The IIP3 is -5.7 dBm. The overall
performance is summarized in Table 4.2. The comparisons of this LNA with published

literatures are shown in Table 4.3.

Table 4.2 : LNA2’s measurement results

LNA’s Specification | Requirement Measurement results
Gain 15 dB 14.8 dB
NF <16.19dB 4.5dB
11P3 >-19.77 dBm -5.7 dBm
Si1 <-10dB -20 dB
S12 <-30dB -37 dB

Our LNA is compared with LNAs operating at 2.4 GHz and other state-of-the-art
ultra-low power LNAs. The power consumption of the presented LNA is among the
lowest. Compared to the LNAs operating at 2.4 GHz, our LNA consumes the least power
while providing high gain and acceptable NF and /IP3 value. Compared to LNAI, the
IIP3 and NF have been improved. The power consumption of [21, 77, and 95] is quite
comparable to that of LNA2. However, their linearity is lower. The low linearity issue is
due to low voltage headroom. The LNA in [21] uses large resistive load to achieve high
gain which reduces the total voltage across the drain-source terminals of the transistors.
The LNAs in [77, 95] operates at low supply voltages of 0.4-0.6 V which explains the
low linearity. Based on the FOMs calculated in Table 4.3, the proposed LNA2 has the

best FOM?2 and very high FOM1.
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Table 4.3: LNA2’s performance comparisons

[77] | [95] | [21] | [30] | [92] [93] | [43] | LNA1 | LNA2

Tech (nm) 130 | 130 180 130 130 130 90 180 180

Freq (GHz) | 3.0 5.1 2.4

Pdc (mW) 04 | 1.03 | 1.13 | 65 17 3.2 3 098 | 0.95

Gain (dB) 9.1 | 103 | 214 13 10 16.5 15 15 14.8

NF (dB) 47 | 53 5.2 3.6 3.7 2.66 3 5.2 4.5

S11 (dB) -17 | -18 -19 -14 -25 -11.8 | -30 -11 -20

IIP3 (dBm) | -11 n/a -11 n/a -6.7 | -4.93 -7 -19 -5.7

Veo(V) | 06 | 04 | 18 | 12 ] 12 | 12 | 06| 1 1

FOMI | 14,1832 | 1033 | 1.07 | 47 | 773 | 655 | 8.04 | 8.83
(dB)

F(zjl‘f)z 06| na | 067 | na |-1149| 28 | -04 |-1124] 3.13

4.4 Conclusion

A noise reducing technique for the cascode CGLNA was introduced in this chapter.
An inductor was added parallel with the input transistor to reduce the noise from both the
cascode and the input transistor. An LNA based on this technique was designed for the
IEEE 802.15.4 standard. The LNA achieves a gain of 14.8 dB, NF of 4.5 dB and /IP3 of
-5.7 dBm. It consumes only 0.95 mW from 1.0 V supply voltage. The measured power
consumption is among the lowest in current literature. The proposed technique makes the

CG topology attractive for low-power fully integrated designs.
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Chapter 5: LNA3- Ultra-low power CMOS LNA with

capacitive cross-coupling technique

With the rapid growth of wireless communications, there is an increasing demand for
portable wireless devices. These portable devices require low power dissipation to
maximize battery lifetime. In current literature, there are two common techniques to
reduce power consumption which are: reusing the drain current and operating the circuit
at low supply voltage. Some low power applications, such as wireless medical telemetry,
require the portable devices to operate at a low supply voltage with a small battery.
Moreover, following scaling law, the power supply voltage of CMOS has been reduced
progressively down to approximately 1.0 V at the 0.13 um technology node and likely to
be 0.75 V in the 45 nm technology [96]. The third LNA (LNA3) presented in this thesis is
designed for very low supply voltage such as 0.6 V. It is a differential single-stage non-
cascode LNA. The poor reverse isolation problem in this structure is improved by
employing the capacitive cross-coupling (CCC) across the two sides of a differential

input stage.
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5.1 Circuit description

C,

G i . D
° 1 °
Cgs:: Vgs l 9mVys Fs 9mbVBs
1 ~ ¢ Cap L
——C, S* b ——

VBs —__¢
sb
B + |

Figure 5.1: MOS small signal model

In order to operate at low supply voltage without degrading the linearity and dynamic
range, the number of stacked transistors must be reduced. Using folded structure could
help to lower the required voltage headroom, but would draw more dc current. Therefore,
to lower the supply voltage and to reduce the power dissipation simultaneously, a circuit
without folded structure is preferred. Figure 5.1 shows the CMOS transistor small signal
model with its parasitic capacitances Cyq, Cys , Cqp, Cgp and Cgp,. A single-stage non-
cascode LNA has very poor reverse isolation due to the leakage from output to input

through the parasitic capacitors as shown in Figure 5.2.

In the CSLNA, there are two leakage paths as shown in Figure 5.2(a). The first path is

directly from the output to the input through capacitor Cy44. The second path is from the

drain to the source terminal of transistor M;, then from the source terminal to the input

through capacitor Cys. In the CGLNA, the leakage path is from the drain to the source
terminal as shown in Figure 5.2(b). Since the leakage is normally dominated by the Cyq

path, the CSLNA usually has worse reverse isolation than the CGLNA.
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A low-IF or zero-IF architecture is widely implemented in most of the receiver
system nowadays due to its high integration by eliminating the need for off-chip image-
reject filtering after the LNA. The LNA is followed directly by a mixer. The reverse-
isolation of the LNA is important as it determines the amount of LO signal that leaks
from the mixer to antenna. Moreover, the LNA’ stability improves as the reverse-
isolation of the circuit increases. A reverse-isolation of -30 dB for an LNA is generally
enough for most cases [19]. With a standard LO power of zero dBm and an average
LO-RF isolation from the mixer of -40 dB [73], the LO power at the input of the LNA is

therefore (-30) + (-40) = -70 dBm.

VDD VDD
L La
d
Vout
Vout
f—

| —> Leakage path |

Figure 5.2: Output — input leakage path in (a) CSLNA (b) CGLNA

Figure 5.3 shows the simplified schematic of LNA3. It has a single-stage non-cascode
structure to allow low-supply voltage operation and the reverse isolation is improved by

using CCC across the two sides of a differential input stage. The work in [57, 58]
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employed the CCC technique to improve the NF of the CGLNA. In this chapter, we will

extend the analysis to the input matching, gain and reverse isolation.

VDD
Ly Ly
VOUT' Vout+
. Vi
.V’ﬂ' —| M 1 MZ |— —
- Cc -
Il
"
Il
"
Ce
LS LS

Figure 5.3: Schematic of LNA3

5.2  Performance analysis

5.2.1 Reverse isolation
In LNA3, the leakage self-cancellation mechanism helps to improve the LNA's
reverse isolation. The simplified half circuits as shown in Figure 5.4 will be used to

explain this mechanism. Since capacitor C is much larger than the parasitic capacitors, it

is considered as short circuit in this analysis.
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Figure 5.4: Leakage paths from (a) V,,. to V;,, (b) V,,.. to Vi,

At each input node, there are leakage voltages from both V,,. and V,,. . V,,. is fed
back to Vj,. through paths 1 and 2 as shown in Figure 5.4(a). These two paths are the
same as the leakage paths in the CSLNA. V. is fed back to V;,; through paths 3 and 4
as shown in Figure 5.4(b). The leakage voltages from V,, and V,,. are 180° out of
phase. This results in a leakage self-cancellation at the input which improves the reverse
isolation. The same cancellation mechanism can be applied to Vi,.. To analyze the
leakage from the outputs, let us define the equivalent drain-source, drain-gate and gate-
source parasitic impedances as Zpg, Zp; and Z;s respectively. The total impedance at
each input node is defined as Z; which is equal to R; at matching condition.

Impedance Zp; and Z;s are:

Zpe = 1/(sCya) (5.1
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and
Zgs = 1/(sCys) (5.2)

When the substrate is connected to ground, impedance Zps is derived to be
[r4s(1 + gmZs)]. At the frequency of interest, these three impedances are much larger

than Z. The leakage factor from V.. to Vi, is:

_ Zg 4 Zg Zg (5.3)
Zpe+Zs Zps+Zg Zes+Zg

A

The leakage factor from V.4 to Vi, is:

_ Zg 4 Zg Zg (5.4)
Zps+Zs Zpe+Zs Zgs+ Zs

B+

To maximize the leakage cancellation, the leakage factors from V.. and V,,. to Vi,
should be matched. Equalizing equation (5.3) with (5.4) results in a condition of
Zps = Zpg. Practically, it is hard to achieve a complete cancelation since matching of
parasitic components is a difficult task. Luckily, in most of the applications, the reverse
isolation requirement is not very strict. A value of better than -30 dB is acceptable for S;,
parameter. Therefore, a complete leakage cancellation is not required. Over-designing the
reverse isolation of the LNA may result in trade-offs with other performance parameters
such as gain, NF and chip area. In non-cascode CS structure, high reverse isolation is
hardly achievable due to the leakage paths from output to input through the parasitic
capacitors. By reducing the transistor’s size of the CSLNA, the parasitic capacitors

become smaller, resulting in a better S;, but smaller gain and higher NF. In LNA3, the
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leakage self-cancellation at the input makes the -30 dB target more achievable. The high

reverse isolation in LN'A3 is achieved by the leakage self-cancellation mechanism.

-31

-32

S12 (GHZ)

< M»=60/0.18

M>=70/0.18

M-=80/0.18
Vip=0U/U. 1O

2.0 3.0 4.0 5.0 6.0 7.0

Freq (GHz)
(a)

812 (GHZ)
w
w

T M60/0.18

2.0 3.0 4.0 5.0 6.0 7.0

"Freq (GHz)
(b)

Figure 5.5: S;, variation due to transistor mismatch (a) LNA3 (b) CGLNA
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Figure 5.5 shows the variation of the S;; of LNA3 and CGLNA with respect to the
transistor mismatch of up to +25 %. M;’s size is fixed at 80 um/0.18 um while M size is
varied from 60 um/0.18 um to 100 um/0.18 pm. Due to the cross-coupling structure; the
mismatch leakage appears at both the negative and positive input. Therefore, the S;,
value doesn’t deviate much from its ideal case as compared to the CGLNA.

5.2.2 Noise

The noise factor [57] of the CGLNA ignoring the effects of gate noise is:

4kTygaolAf 1 1 \° y 1 (5.5)
Feana =1+ g7 (ngs) BT
RsAf
G D
; >
= 9mVgs I'ds iy /:,)3
ey S
Rs

Figure 5.6: CGLNA small signal noise analysis

To find a way to improve the CG’s NF, we investigated the NF derivation of the
CGLNA. To simplify the derivation, we assume an infinite drain-source resistance of the
input transistor. In this analysis, we will differentiate the small-signal transconductance of
the MOSFET with the effective trans-conductance of the active stage at the source
terminal. Equation (5.5) can be derived using the small signal circuit in Figure 5.6. There

are two noise sources that mainly contribute to the circuit noise factor. One is the source
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resistor current noise, 12(v,,), and the other is the transistor’ channel thermal noise,
12 (14). Using superposition theorem, the output current noise [57] due to these two noise

sources are, respectively:

( 1 )2 (5.6)
Gm,eff 2 1

> 4kTRSAf = Gm,eff > 4-kTRSAf
(RS + .. (Gm,effRS + 1)
m,eff

l% (vm) = Grzn,eff

and

(5.7)

— Y
12(19) = 4kTygaoAf = 4kTEgmiAf

(14 GersRs)” (14 GersRs)”

where g4, equals to g,,;¥/«. The total noise factor [57] is:

r _ 12 (v,,) +12(1y) _ 14 9mi 1 2 (5.8)
CGLNA 12(R,) a Rl GmessRs
S

In (5.8), gm; represents the small-signal transconductance of the MOSFET and

Gmesr 1s the effective trans-conductance of the active stage at the source terminal. In
others words, g,,; is related to channel thermal noise and Gy, oy to input matching. In a
conventional CGLNA, the requirement of Gy orr = gmi = 1/R; constrains the lower
bound on the noise factor to (1 +y/a). Noted, however, that if G .rr is boosted

independently by modifying the input matching condition, Fgg;y4 Will be reduced [S7].
LNA3 was designed based on the g,,-boosting scheme in [57] wherein an
amplification, —A4, is introduced between the source and the gate terminal of the input

device, M, so that:
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Gm,eff =1+ A)gmi (5.9

The inverting amplification value, A, for the topology of LNA3 is approximately

given by the capacitor voltage division ratio:

Ce (5.10)

A=—2°5
Ce + Cys

When C, is chosen to be much larger than Cy, the amplification amplitude, A, can be

approximated to one. Therefore, the transconductance is effectively boosted to:

Gmerf = 29mi (5.11)
and the noise factor [57] is:
2
Y Imi ( 1 ) y 1 (.12
F, =14+—— =1+—
ccena =TT 2gmRs) T T 2azguRs

N

When the input is matched, the LNA3’s noise factor is 1 + y/(2a). This NF is lower
than that of the CGLNA which is 1 + (y/a). In addition, to achieve the same matching
condition as the LNA3, the CGLNA requires double amount of power consumption.

Detailed analysis on LNA3’s input matching condition will be shown in section 5.2.3.
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5.2.3 Gain and input matching

The voltage gain is:
Av,CCC = Gm,effZL = 29miZy (5.13)

where Z; is the load impedance. Drawing the same current consumption, LN A3 provides
double gain when compared to the conventional CGLNA. The input impedance of the
LNA3 can be found using the small signal circuit in Figure 5.7. Capacitors C, are very
large so they were considered as short circuit in this analysis.

Vin

(~)
A

Gy lin G»

Cost=—= == Cys2
ImVgs1 ImVgs2
Si So
o 4
C. 3Ly La ¢,

Figure 5.7: LNA3’s small signal input impedance analysis
The differential input impedance is defined as:

Yin (5.14)

Rin,CCC,diff =
Lin

where i;, is:
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Vin

2sL,

. 5.15
lin = vinSCgsl + + ImiVin + vinSCgsz ( )

1
= Vin (SCgsl + SCgsZ + TLZ + gmi)

By taking Cysq; = Cys, = Cys, Ly = L, = L and substituting (5.15) into (5.14), R;,

can be expressed in greater detail:

Vin _ 1 (5.16)

Rinccc,aiff = Ty 1
ZSCgS + 5L + Gmi

The single input impedance is therefore:

R _ Rincccairr 1 (5.17)
inccc = =
) 2 1
4SCgS + E + ngi

At resonance frequency, R, ccc simply becomes 1/(2g,,;). Therefore, the matching

condition for the LNA3 is:

1/Q2gms) = Rs (5.18)
The resonance frequency is:
1 (5.19)
Wo,ccc = aim
4LCys

In the case of the CGLNA, the matching condition and the resonance frequency are,

respectively:
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1/gmi = R (5.20)

and

(5.21)

From equations (5.13) and (5.18)-(5.20), we can see that the CGLNA requires double
value of g,,; or double current consumption and four times larger source inductor, Ly, to

achieve the same matching condition and same voltage gain with LNA3.

T |

I
-~ CG (theory)
: ... == CG (simulation) 4
N -8~ LNA3 (theory)
-@= LNA3 (simulation)

Figure 5.8: NF of CGLNA and LNA3

In order to verify the analysis, a CGLNA was simulated to compare its performance
with LNA3. The current consumption and circuit components are the same as LNA3.
Plotting of NFs and input impedances of the two LNAs versus the input device’s

transconductance, g,,;, at the resonance frequency are shown in Figure 5.8 and

88



Figure 5.9. The dotted lines represent the simulation data and the solid lines represent the
theoretical analysis data. The simulation results agree well with the analysis. As shown in
Figure 5.8, the NF of LNA3 is much better than of the CGLNA (3 dB lower). Figure 5.9
illustrates the advantage of LNA3 over CGLNA in term of input matching. At the same

9m: value or the same power consumption, LNA3 achieves a much better match to the

50 Q source impedance than the CGLNA.

-#= CG (theory)

== CG (simulation)
=== NA3 (theory) ; i
= LNA3 (simulation)

Input impedance (Q)

Figure 5.9: Input impedance of CGLNA and LNA3

53 Circuit Implementation

Figure 5.10 shows the schematic of LNA3 designed to operate at 0.6 V supply
voltage. The second stage of the LNA acts as an output buffer. It has 50 Q output
impedance to match with the 50 Q load of the measurement equipment. The loading
effect of the buffer is determined to be about the same as the mixer loading effect on the

LNA stage. On-chip inductors L, act as output impedance. Since the LNA is designed for
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low supply voltage such as 0.6 V, an inductive load is preferred than a resistive load. The
use of resistive load will reduce the voltage headroom across the transistor significantly.
Capacitors C, are used to cross couple M; and M, . Capacitors C; and C, are bypass
capacitors. On-chip inductors Lg are used to tune out the total capacitances at the source

nodes including pad capacitances. The design parameters are summarized in Table 5.1.

VDD
Ly Ly
c 2
1 [ Output —t
[ Buffer |—e o
Vins Vin.
._”_| M, M |__”.
Ce
|
g
Ls © L

Figure 5.10: Schematic of LNA3

Table 5.1: Design parameters of LNA3

Parameter | M, M, Lg Ly C. C;.,C,

Value 72um |42 nH | 8nH 8 pF 10 pF

5.4  Measurement results and discussions
The prototype of LNA3 is fabricated in a six-metal 0.18 pm RF CMOS technology
for the 2.4 GHz ISM band. The chip micrograph is shown in Figure 5.11. The total die

area including the output buffer and pads is 1.2x1.0 mm”.
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Figure 5.11: Chip micrograph of LNA3

The simulated and measured voltage gain is plotted in Figure 5.12. LNA3’s voltage
gain is 14 dB at 2.4 GHz. Gain can be improved by increasing the power consumption to
meet the target 15 dB gain.

16

141

12}

10

Voltage gain (dB)

20 22 24 26 28 30 32 34 36 38 40
Freq (GHz)

Figure 5.12: Simulated and measured voltage gain of LNA3

The simulated and measured NF is shown in Figure 5.13. LNA3 achieves a NF of

3.55 dB at 2.4 GHz.
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Figure 5.13: Simulated and measured NF of LNA3

The comparison between the measured and simulated S;; and S, is plotted in Figure

5.14. LNA3 has good input/output matching. The S;; value is better than -22 dB and the

S,, value is better than -15 dB at 2.4 GHz.
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Figure 5.14: S;; and S, of LNA3
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The simulated and measured S;, is shown in Figure 5.15. LNA3 has good reverse
isolation of -35 dB. There is a 2 dB discrepancy between the two plots. This can be
explained through the deviation of transistor’s parasitic capacitor and resistor in silicon

vs. simulation models.

-34.5

-35.5 —e—NMeasured S;,

Simulated S;»

-36.0

S12(dB)

-36.5 [

-37.0

-37.5

-38.0

20 22 24 26 28 30 32 34 36 38 40
Freq (GHz)

Figure 5.15: S;, of LNA3
The LNA is also stable at the frequency of interest as shown in Figure 5.16 (K=9 and

A=0.24 at 2.4 GHz). The core of LNA3 draws 0.83 mA from a 0.6 V voltage supply.

Total power consumption is 0.5 mW.

13 0.28
12] ! '
11 | \
0.26
10
9.0
x <
8.0, _ 0.24
7.0]
6.0 | 0.22
5.0
4.0 0.2
20 24 28 32 36 40 20 24 28 32 36 40
Freq (GHz) Freq (GHz)

Figure 5.16: K and A of LNA3
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Table 5.2: LNA3’s measurement results

LNA’s Specification | Requirement Measurement results
Gain 15dB 14 dB
NF <16.19dB 3.55dB
1IP3 >-19.77 dBm -6.8 dBm
Si1 <-10dB -22 dB
Si2 <-30dB -35dB
Table 5.3: LNA3’s performance comparisons
[77]1 | [95] | [21] | [30] | [92] [93] [43] | LNA1 | LNA2 | LNA3
Tech
130 | 130 180 130 130 130 90 180 180 180
(nm)
Freq
(GHz) 3.0 | 5.1 2.4
Pdc
04 | 1.03| 1.13 6.5 17 3.2 3 0.98 0.95 0.5
(mW)
Gain
(dB) 9.1 | 103 | 214 13 10 16.5 15 15 14.8 14
NF 47 | 5.3 5.2 3.6 3.7 2.66 3 5.2 4.5 3.55
(dB) . . . . . . . . .
S11
(dB) -17 | -18 -19 -14 -25 -11.8 -30 -11 -20 -22
11P3
(dBm) -11 | n/a -11 n/a -6.7 | -4.93 -7 -19 -5.7 -6.8
VDD
06 | 04 1.8 1.2 1.2 1.2 0.6 1 1 0.6
V)
Fggl 104 | 832 1033 | 107 | -47 | 773 | 655 | 804 | 8.83 | 12.88
F(g[l\;l)Z -0.6 | nfa | -0.67 | n/a |-11.49| 2.8 -04 |-11.24] 3.13 6.08
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LNA3's performance is summarized in Table 5.2. The comparisons of LNA3 with
published literatures are shown in Table 5.3. The power consumption of LNA3 is among
the lowest. The power consumption of [77] is quite comparable to our design. However
its NF is 1.2 dB higher and its gain is 4.9 dB lower than that of LNA3 which explain the
lower FOMs. The LNA in [77] employs the cascode structure to provide high reverse
isolation. However, due to the low voltage headroom across each transistor, it has worst
linearity than that of LNA3. Based on the FOMs calculated in Table 5.3, LNA3 shows

comparable performances to the other designs.

5.5 Conclusion

LNA3 was designed based on the CCC technique. The conventional single-stage non-
cascode CSLNA normally has better NF but lower reverse-isolation. The CGLNA on the
other hand has better reverse-isolation but much higher NF. The CCC technique
introduces the self-cancellation of the output-to-input leakage, therefore solves the
reverse-isolation problem in CSLNA. The LNA using this technique can also achieve NF
much lower than the CGLNA. Novel analysis on the reverse-isolation and input matching
of LNA3 was performed. Other analysis on gain and NF was also presented to show the
advantages over the conventional CS and CGLNA. The design is very suitable for low
supply voltage such as 0.6 V. At 2.4 GHz, it has good reverse-isolation of -35 dB and
good input matching of -22 dB. The total voltage gain is 14 dB and the LNA draws only

0.83 mA from a 0.6 V supply voltage.
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Chapter 6: LNA4- A high gain LNA utilizing mt-

match and capacitive feedback input network

In the previous chapters, three ultra-low power LNAs were proposed. They were
optimized for low power and low NF. The three LNAs were based on the CG topology
which may limit their gain performance. The fourth LNA (LNA4) was designed for the
receiver system where high LNA gain is required. For example, if passive mixer is used
after the LNA for frequency conversion, high LNA gain is needed to compensate for the
mixer's loss. The L-CSLNA is commonly used for narrow-band applications due to its
high gain and low noise. However, due to the input matching condition, the value of the
inductor connecting the source terminal to ground, Lg, is normally quite small and
sensitive to process variation. In addition, the requirement of small inductor sometimes
becomes a nuisance for the LNA design because not all the inductor values are available
in the Process Design Kit (PDK). In this chapter, we propose an LNA where the input
matching is realized through the capacitive feedback scheme and m-match network. The
capacitive feedback helps to eliminate the need of inductor Ly for the input matching.
Moreover, higher gain and an additional degree of design freedom are achieved with the
use of the m-match network. The concept of utilizing capacitive feedback for input
matching was implemented in [102]. However, the LNA in [102] has a non-cascode
structure. In order to have a high reverse isolation, multi-stage structure was used which
resulted in very high power consumption. The proposed LNA4 is a single stage cascode

LNA. The detailed analysis on input matching, gain and NF will be presented. LNA4
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achieves very high gain of 21.7 dB while provides good input matching at 2.4 GHz and

consumes only 0.6 mW.

6.1 Extended noise analysis of the inductive source-degeneration common-

source LNA (L-CSLNA)

In this section, we will perform the noise and input matching analysis of the cascode
L-CSLNA. The schematic of the L-CSLNA and its equivalent small signal circuit for
input impedance analysis are shown in Figure 6.1 (a) and (b). For simplicity's sake, we
assume an infinite drain-source resistance of the input transistor. Cy includes all parasitic

capacitances at node Y to ground . It is estimated as:

Cy = Cys2 + Cspz + Capy (6.1)

Figure 6.1: (a) Schematic and (b) Equivalent small signal circuit of the L-CSLNA
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Ry is the total impedance looking into the source of M, from node Y. In this circuit,
Ry can be approximated as to 1/g,,, where g,,, is the transconductance of transistor M.

The L-CSLNA s input impedance is derived to be:

1+ (gml +j ngsl)j (‘)Ls

1+ (gm1 +J wCys1)j WLs + gm1Zy
1+ ) wCyaZy

Ziny = J @Ly + + 714

(6.2)

ijgsl +j ngdl

where w is the operating frequency, 1,4 is the parasitic resistance of inductor Ly, Cys; and

C

ga1 are parasitic gate-source and gate-drain capacitance and g,y is the transconductance

of transistor M;. When Cy41 — 0, Z;, ;, can be simplified to :

1 L
Zoy ~ ] <ng + ks ——= 1> + gg‘lls + 14 (6.3)
gs gs

which is consistent with the result given in textbooks. At resonance frequency, the input

impedance, R, 1, equals to gmqLs/Cysq and the transistor’s transconductance, gr,q, is

effectively boosted to Qcrf 1 gm1 Where Qgff 1 is:

1 1
wOCgsl (gmlLs/Cgsl + 7/'Lg) B 6‘)chiss

QefrL = (6.4)

and w, 1s the resonance frequency. The noise factor of the L-CSLNA without cascode
stage is derived as:

Ty | 1 (6.5)

RS %(gleeff_L)z
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where E is the channel thermal noise of transistor M; and v2, is input source voltage
noise. For simplicity, the noise factor of the cascode stage ignoring the effect of finite

drain-source resistance is:

2 -

where lfl_z is the channel thermal noise of transistor M,. The voltage gain from the input to

the source of the cascode transistor is:

1 (6.7)

Ay = gleeff_L(RY//CY) = gleeff_L'SCY + Gz

The cascode L-CSLNA can be treated as a two stage amplifier. Following the cascode

network noise calculation theory, the noise factor of the L-CSLNA is derived as:

Fes, =F, +

Avl

(6.8)

_1+7l_g+ 1 13_1_|_\/(grznz+wgcxg) laz
= 2 =% 2

Rs (gleeff_L) Ul%q gleeff_Lng vlzn

A large g,,1 and small Cyq are desired to achieve high gain and low noise. Due to the

input matching condition, the value of L; is normally quite small and is sensitive to

process variations. In addition, the requirement of small Lg; sometimes becomes a

nuisance for the LNA design because not all the inductor values are available in the PDK.

6.2  Proposed capacitive feedback CSLNA with n-match network (LNA4)
The LNA introduced in [102] uses the parasitic gate-drain capacitance of the input

device and the output capacitance, C;, to form the capacitive feedback matching network.
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Only one inductor was used to realize the input matching. However, the analysis in [102]
is only applicable to non-cascode structure. For CS topology, in order to have high
reverse isolation and stability, a cascode structure is preferred. In this section, we will
present the analysis for the cascode capacitive feedback LNA. Its schematic is shown in

Figure 6.2(a).

Voo
L,
L
Zinn L
- Ry> ==Cy
Cgs1 ngVgs

Figure 6.2: (a) Schematic and (b) Equivalent small signal circuit of the capacitive feedback LNA

Based on the small signal circuit in Figure 6.2(b), the input network of this LNA can
be converted to a series RLC matching network including of L,, Crand Ry. The value of

Crand Ry can be derived as:

Cr = Cx[1+ (wCxRx)?]/(wCxRx)? (6.9)

and
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R = Ry/[1+ (wCxRy)?] (6.10)

Here, Cx and Ry can be calculated as follow:

[(Gmz + Gm1)Gmz + (UZCY(Cgan + Cy)]

CX = Cgsl + ngl 2
Iz + 0?(Cgar + Cy)

6.11)

2 2 2
R, = Imz + @ (ngl + CY)
wZngl [ngngl + gml(ngl + CY)]

(6.12)

The derivation of Cy and Ry can be found in Appendix B. To achieve the input
matching, Ry is designed to be equal to R;. The quality factor is defined as the ratio of the

voltage across the gate-source terminal and the voltage at the input of the input matching

network. The quality factor of this input matching network is:

0 _ _ - 1+—Q
effn0L =7 /(5C,) + sLy + Ry SCsRy (wOCfRf)z

(6.13)

1
- 1+—
(wOCfRs)

The total noise factor of the capacitive feedback LNA including the cascode stage is:

r 4 2. 292, + wEC3) 12,
-9 4 7 =+ VG = (6.14)
Ry (gleeff_no_L) Vin gleeff_no_Lng Uin

F CcSno L = 1+
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The derivation can be found in Appendix C. When compared to the inductive source
degeneration CSLNA, this capacitive feedback LNA requires less number of inductor for
input matching. But this benefit comes with a tradeoff of higher NF which can be
observed from equations (6.8) and (6.14).

As seen from equations (6.4) and (6.13), the input network‘s quality factors of the two
LNAs discussed above are limited by the 50 Q matching condition. To achieve a good
input matching, Ry and (gmlLS / Cgsl) must be matched to 50 Q. This will restrict the
selection of Qgfr ; and Qeff no 1, therefore limit the gains of these two LNAs. There

exists a trade-off between high again and good input matching in these two LNAs.

o )
TN
in_ir Cys1 l Ry,

C
i

Figure 6.3: Equivalent small signal circuit of LNA4

The proposed LNA (LNA4) adds a parallel capacitor, C,, preceding the gate inductor
to create a m-match network. Figure 6.3 shows the small signal circuit for input
impedance calculation of LNA4. R; and C; are formed by the capacitive feedback
mechanism as described above. Inductor L, can be divided into two smaller parts: L; and
L¢. These two inductors will resonate with C, and Crrespectively. The input impedance at

resonance frequency is:
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1 wjli

R.. . = = N
The effective gain of the proposed input matching network is:
2
1+ (oor)
ST 1/(sCr) +sLy+ Ry~ sLy+Rp 1o (@0l
+ ( R )
(6.16)

1 \? 1 \?
2
L+ ((UonRf) _ Ry + (wocf)

- 2
1+% RZ + R¢Rg
r

Equation (6.16) shows that the effective gain of LNA4 can be increased by adjusting

the value of Ry and Cr. The input impedance then can be matched to 50 Q by changing L;

accordingly as explained in equation (6.15). Capacitor C, and inductor L; adds an
additional degree of freedom to the LNA design. The effective gain is no longer limited
by the input matching condition. Therefore, LNA4 will be able to achieve much higher
gain when compared to the L-CSLNA and the capacitive feedback LNA. Figure 6.4
shows the S»; and S;; responses of LNA3 and the L-CSLNA at the same power
consumption level and output load condition. The LNAs were designed to have the same
input matching at the frequency of interest. LNA4 clearly has much higher gain. The gain
of LNA4 is 3 dB higher than that of the L-CSLNA. The bandwidth (BW) decreases as the
effective gain of matching network increased. However, as shown in Figure 6.4, the BW

of our LNA in this simulation is still sufficiently large for the required standard.
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i

2.0 2.2 2.4 2.6 2.8 3.0
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-20

Figure 6.4: S,; and S;; responses of LNA4 and the L-CSLNA (simulation)

The noise factor of the proposed LNA is:

2 —

4 [1 N (wOLl/Rf)Z] e A - (6.17)
FCS_n:1+ > R_+—2:2
1+ 4(wolL1/Ry) s (gmiGesrn) Vin

n 2\/(9512 + w5 Cy) 13,
gmlGeff_ngEnZ UL%Q

Its derivation can be found in Appendix D. Compared to equation (6.14), the noise

contribution of 7,4, has been increased due to the n-network. However, when the LNA is

designed such that Qs , is higher than Q.ff . 1, the noise contribution from E can be
reduced. Therefore it can compensate for the loss caused by r;,. Moreover, the noise

contribution of the cascode stage is also reduced when Q.  is increased.

104



6.3  Circuit implementation

To demonstrate the idea, an LNA was designed and fabricated using the
IBM 0.13 um RF CMOS technology. For this fabrication, we shared the die area with
another group which was using IBM 0.13 pm RF CMOS technology to save the
fabrication cost. This resulted in the change of technology used.

VDD

L

Output
Buffer

Figure 6.5: (a) Schematic and (b) Chip micrograph of LNA4

LNA4’s schematic is shown in Figure 6.5(a). All inductors are on chip. Inductors L;
will resonate with the total capacitance at the drain node of transistor M;; at the frequency
of interest. Capacitors C, are bypass capacitor. Inductors L, and capacitor C, are
designed to satisfy the matching condition as analyzed in section 6.2. The second stage of

this LNA is an output buffer. The design parameters are summarized in Table 6.1.

Table 6.1: Design parameters of LNA4

Parameter M, o, My, L, L, Cy Cp

Value |48 um/0.18 ym | 8nH 9 nH 1.1 pF 10 pF
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6.4

Measurement results and discussion

The LNA’s chip micrograph is shown in Figure 6.5(b). The total area including the

output buffer and pads is 0.74x0.84 mm®. Figure 6.6 shows the voltage gain, S;; and S»;

of the proposed LNA. The LNA’s measured voltage gain at 2.4 GHz is 21.7 dB.

A L-CSLNA at the same power consumption level and output load condition with LN A4

was also fabricated. LNA4’s voltage gain at 2.4 GHz is 21.7 dB while the L-CSLNA's

voltage gain is 18.8 dB. The measured gain of LNA4 is 2.9 dB higher than that of the

L-CSLNA. The LNA has good input and output matching. The S;; value is better than

-12 dB and the S,, value is better than -16 dB at 2.4 GHz. The NF at 2.4 GHz is 4.9 dB

as shown in Figure 6.7. Due to process variation, the value of L, and C, are different

from the desired one which results in a difference between measurement and simulation

results.
30
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15],

B
S

Magnitude (dB)
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o

,,,,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
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.| —#—LNA4's Gain (measured)
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|| —=L-CSLNA's Gain (measured)
----- LNA4's S;; (simulated)
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2.6
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Figure 6.6: Voltage gain, S;; and S, of LNA4
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Figure 6.7: NF of LNA4
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Figure 6.8: S;», K and A of LNA4
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LNAA4 has high reverse isolation and is stable at the frequency of interest as seen on
Figure 6.8. (S;2 = -58 dB, K=48 and A=0.25 at 2.4 GHz). The /IP3 is -12 dBm. The core
of LNA4 draws 0.6 mA from a 1.0 V voltage supply. Total power consumption is only

0.6 mW. The overall performance is summarized in Table 6.2.

Table 6.2: LNA4’s measurement results

LNA’s Specification | Requirement Measurement results
Gain 21 dB 21.7 dB
NF <18.9 dB 4.9 dB
IIP3 >-20 dBm -12 dBm
Si1 <-10dB -12 dB
Si2 <-30dB -58 dB

The comparison between LNA4 and recently published works is shown in Table 6.3.
Among the LNAs, the work in [21], [103] and ours are able to achieve high gain. The
LNA in [103] proposes a parallel LC input matching network for the CSLNA. It has a
high gain of 25 dB but consumes very high power (15 mW). The transistors in this design
are biased and sized for very high g,, in order to achieve high gain. The design in [21] as
discussed before achieves high gain with the trade-off of high supply voltage (1.8 V). .
The design in [102] also utilizes the capacitive feedback for input matching. However, it
has a non-cascode structure. In order to have a high reverse isolation, multi-stage
structure was used which resulted in very high power consumption (10 mW). Based on
the FOMs calculated in Table 6.3, our LNA has the best FOM1 and acceptable high

FOM?2.
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Table 6.3: LNA4’s performance comparisons

[102] | [771 | [95] | [211 | [30] | [92] | [93] | [43] | [103] | LNA4
Tech
180 | 130 130 180 130 130 130 90 180 130
(nm)
Freq
(GH2) 128 | 3.0 5.1 2.4
Pdc
(mW) 10 04 | 1.03 | 1.13 6.5 17 3.2 3 15 0.6
Gain
(dB) 132 | 9.1 103 | 21.4 13 10 16.5 15 | 2425 | 21.7
NF 571 47 | 53 | 52 | 36 | 37 | 266 | 3 |2628| 49
(dB) . . . . ) ) ) 6-2. )
SII
(dB) -11 17 | -17.7 | -19 -14 25 | -11.8 | -30 -14 12
IIP3
(dBm) -1 -11 n/a -11 n/a 6.7 | -4.93 -7 n/a 12
Voo 1 0.6 0.4 1.8 1.2 1.2 1.2 0.6 1.5 1
V)
FOMI | 497 | 104 | 832 | 1033 | 1.07 | -47 | 773 | 6.55 | 497 | 13.52
FOM2 | 397 | -06 | n/a | -067 | n/a |-11.49| 2.8 0.4 n/a 1.52
6.5 Conclusion

A new input matching topology for CSLNA was presented in this chapter. The input

network is realized using the capacitive feedback and the m-network. Based on this

method, the novel CSLNA is able to achieve higher gain while maintaining good input

matching and low power consumption. The design method was explained and the LNA

was designed and fabricated. The need of source inductor L is eliminated; higher gain

and an additional degree of design freedom are achieved when compared to the L-
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CSLNA. The proposed LNA consumes only 0.6 mW while providing very high gain,

good input matching and moderate NF.
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7.1

Conclusion

Chapter 7: Conclusion and future works

In this thesis, the design issues of single-band CMOS LNA designs, especially for the

IEEE 802.15.4 standard, are investigated extensively in order to find an approach that can

help to achieve a low-power, compact, reliable and fully-integrated LNA design.

Design issues including performance trade-offs, input matching architectures, tuning

techniques and different topologies in LNA designs are presented in detail. The LNA

requirements in the IEEE 802.15.4 standard are next derived. This led us to propose

several design techniques which take advantage of the relaxed performance requirements

of the IEEE 802.15.4 standard.

Table 7.1: Performance summary of the four proposed LNAs

Tech | Freq | Gain | NF S11 IIP3 | Vpp | Pde | FOMI1 | FOM2

(um) | (GHz) | (dB) | (dB) | (dB) | (dBm) | (V) | (mW) | (dB) (dB)

LNA1 | 0.18 15 50 | -11 -19 1 0.98 8.04 -10.96
LNA2 | 0.18 148 | 45 | -20 -5.7 1 0.95 8.83 3.13
LNA3 | 0.18 2.4 14 | 355 | -22 -6.8 | 0.6 0.5 12.88 6.08
LNA4 | 0.13 217 | 49 | -12 -12 1 0.6 13.52 1.52
[21] 0.18 214 | 52 | -19 -11 1.8 | 1.13 10.33 -0.67
[77] 0.13 3 9.1 47 | -17 -11 0.6 0.4 10.4 -0.6
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Performance analyses together with measurement results of the four LNAs are
presented. In Table 7.1, we compare our work with references [21] and [77] which
achieve one of the best FOM in the current literature. Both [21] and [77] employ the
cascode CS structure and bias the transistors in sub-threshold region for high power
efficiency. [21] has a high gain of 21.4 dB by using large resistive load. However, its
total power consumption is limited by the high supply voltage of 1.8 V. [77] on the other
hand uses inductive load in order to operate at low supply voltage of 0.6 V. However, its
cascode structure has limited its linearity performance due to the low voltage headroom.

The first three LNA were optimized for low power consumption and low NF. LNA1
was designed by combining the merits of L-CSLNA and the CGLNA. LNAI posses a
great trade-off between NF and power consumption. Its noise performance satisfies the
requirement of the IEEE 802.15.4 standard and it only consumes 0.98 mW. LNA?2 and
LNA3 were designed to achieve better FOMs and lower NF. In LNA2, a noise reduction
technique using shunt inductor is proposed. LNA3 operates at 0.6 V supply voltage to
reduce the total power consumption. It is a differential single-stage non-cascode LNA
which explains a better IIP3 when compared to that of [77]. The poor reverse isolation
problem in the single-stage non-cascode structure is improved by employing the
capacitive cross-coupling (CCC) across the two sides of a differential input stage. Out of
the three LNAs, LNA3 has the lowest NF, consumes the least power and achieve the best
FOMs. The forth LNA was optimized for high gain. A new input matching based on
capacitive feedback and n-network was proposed. By employing this new input matching
network, LNA4 is able to achieve the desired goal. Its FOMs is better than that of [21]

due to the lower supply voltage.
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7.2  Future works

Due to the high potential of this work, here we propose several future works to be
done. Firstly, while we have covered and explored deeply on the topic of LNA, other
important blocks such as mixer, post-mixer baseband amplifier, channel-select filter,
analog to-digital converter, and frequency synthesizer should be designed. The study on
system level design for the IEEE 802.15.4 standard therefore should be deeply
investigated. We believe that significantly power consumption can be saved by further
exploring the performance trade-offs in the IEEE 802.15.4 standard. To achieve an ultra-
low power system, novelty in both system and circuit design are required.

Secondly, while bringing in benefit such as higher level of integration and higher f,
technology scaling also creates many issues for RFIC designer. Aggressive CMOS
technology scaling results in supply voltage reductions to well below 1V. At low supply
voltage, it is very challenging for critical blocks such as mixer and baseband circuits to
achieve sufficient linearity. Moreover, RF/analog circuits are sensitive to leakage and
process variations at deeply scaled CMOS technologies. This requires a more accurate
device modeling.

Thirdly, the unlicensed band around 60 GHz presents interesting prospects for high-
data-rate applications such as high-definition video streaming. Furthermore, the short
wavelength makes it possible to integrate one or more antennas along with the
transceiver, thus obviating the need for expensive, millimetre-wave packaging and high-
frequency electrostatic discharge (ESD) protection devices. The heightened interest in

this band for consumer applications has motivated research on the design of 60 GHz
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building blocks in CMOS technology. This is very challenging due to the lossy substrate,
low f; and f,,..x of current CMOS technologies. Moreover, the low Q characteristic of an
on-chip inductor has limited its usefulness in millimeter wave designs. New design
methods incorporating microwave techniques and complex passive structures are needed
to improve circuit performance. Example of such works are: transmission lines and
distributed elements are being investigated and applied to the design of typical

transceiver building blocks such as the LNA, VCO/PLL, mixer, and PA [104, 105].
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APPENDIX

APPENDIX A

DERIVATION OF NOISE FACTOR and GAIN OF CGLNA

— G D
Vo
= Gm VQS Ids id VAL
I,
MWN—4 .
Rs S vy RL
)
Vin =

Figure A.1: Small signal circuit of the CGLNA for noise derivation

NF derivation

The three main noise sources that are considered in this noise analysis are: iz , Vi,
and vg; which are the transistor drain current noise , the input voltage noise due R; and
the voltage thermal noise due to R; respectively. We will use superposition theorem to
find the noise contribution from i, , v;;, and vg; according to the small signal circuit in

Figure A.1. Firstly, we will derive the output noise due to v;,.

UV = —Vys (A-1)
vy = iRy (A-2)
Vg = Vy + lpolys (A-3)

From (A-1) and (A-3):
Vg5 = in1 Ry + (in1 + GmVys)Tas (A-4)
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Or

_ (RL + rds)inl (A'S)

V) =
g 1+ ImTds

We have v;,, — v; = i1 Rs, hence

(R, +1yg5)i (A-6)
- (_L;M _ iR,
1+ ImTas
Rearrange
v; R, +7r 1 R A-
Ry =-R=R +—r—% — L (A-T)

=Rs+ +
ln1 y 1+ ImTas s 1/Tds + Im 1+ ImTas

Output noise due to vy, is

2
ln1 =

Rin

- (vm>2 AKTRAS (A-8)

1 R 2
R + + L )
( $ 1/Tds + Im 1+ ImTas

Vo

l'ds id R[_g

Vi

Figure A.2: Small signal circuit of the CGLNA for calculation of output noise due to i,
Secondly, we will derive the output noise due to i; according to the small signal
circuit in Figure A.2.

Ry (A-9)
vz = _le_
S

Therefore

R ;
R
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vV = [gmvgs + id + (172 - vl)/rds]Rs
Substitute v, — v; from (A-10) to (A-11):

Ry

) 1
v = [—gmv1 +ig— vy (1 + R_s) a] R,

Rearrange (A-12) we have
[g+om+ (1)) =
vl RS gm RS ,rds - I’d
Or

iq

1=7 R 1
— ALY
Rt am+ (147 7

Output noise due to i, is

P2

=) =) - .
T \R) TR T

1
(1+ gmRs + (R, + RL)T“)

_ 4kTygaoAf

1
(1+ gmRs + (R, + RL)E)

2

2

(A-11)

(A-12)

(A-13)

(A-14)

(A-15)
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Figure A.3: Small signal circuit of the CGLNA for calculation of output noise due to vy,

Thirdly, we will derive the output noise due to vg; according to the small signal

circuit in Figure A.3 .

Vy = Vy + Vpgs = IngRs + (in3 - gmvgs)rds = ip3Rs + (in3 + gmiinRs)rds

(A-16)
UV, = Vg, — In3Ry (A-17)
Therefore:
(A-18)
insRs + (in3 + gmiinRs)rds = Vg, — in3Ry,
Hence
in3[Rs + Ry + (1 + gmRIT45] = vy (A-19)
Output noise due to vg; is
5 ( VRL )2 4kTR, Af (A-20)
l = =
n3 Rs + RL + (1 + ngs)rds [

Rs + RL + (1 + ngs)rds]Z
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From equations (A-8), (A-15) and (A-20), total noise factor is:

2 12
2 3
F=1+=22422
2 2
ln1 ln1

~

1 R,
4kTyYGaolf [ Bs ¥ T/rgs ¥ gm T TF Gimtas

MTRAS ' 14 gRs + (Rs +R)) %
S

1 R, 2

AkTRAf [ B Y T ¥ g T T gortas
4kTRAf\ Ry + R, + (1 + gmRy)7T4s

(A-21)

1 R;
Y 9m RS+1/rds+gm+1+gmrds

=1+—R—. 1
@ s 1+ngs+(Rs+RL)a
S

1 R 2
L
RL RS + 1/rds + 9m + 1+ ImTds

+—.
R, R+ R, + (14 g, R )T

Gain derivation

Vout

r ) D
= OmVgs las 2, <
iin

Vip S

VW

Figure A.4: Small signal circuit of the CGLNA for gain derivation

We will use the small signal circuit in Figure A.4 to derive the voltage gain of the

CGLNA.
Vin = —Vjys (A-22)

Vout = LinZy, (A-23)
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Vout = Vin — (iin + gvas)rds (A'24)

Therefore (A-25)

liny = Vip — (iin - gmvin)rds

Or
. 1+ gmras (A-26)
ljy = Vjyy ———
m m ZL + ,rds
Hence
1+ ImTas _ 1/7‘0 + 9m (A'27)
Vour = Z|,

Vi = V;
ZL+TdS m 1/7‘0+1/ZL m

1 A-28
-r-_ + Im ( )
A — ds

1.1

Tas ZL
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APPENDIX B

DERIVATION OF Cx AND Ry

VDD

Figure B.1: Small signal circuit of the CSLNA with capacitive feedback

In Figure B.1, Cy is the total capacitance at note Y to ground and Ry is the total
impedance looking into the source of M, from node Y. Ry can be approximated as to
1/9m> where g,,, is the transconductance of transistor M. By applying Thevenin theory
at node D in Figure B, 1, we have the following equation:

(Ug - Ud)scgdl = Im1Vgs T Vq(Gmz +sCy) = ImiVg T Va(Gmz + sCy) (B-1)

The input current, i;,, is derived to be:

Im2 + Im1 + SCY sC v (B'Z)
$Cya1 + SCy + Gma 9417

lin = VgsCys1 + (vg - Ua)SCgm = VySCys1 +

From (B-1), we have:

Sngl —9Im1 (B'3)
vd = v,
$Cya1 + SCy + Gmz &
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Or

. = Im2 + Gm1 + sCy v
¢ SChar + SCy + Gz © (B-4)

which, upon substitution into (B-2), yields:

[(gmz + gml)(gmz) + (UZCY(ngl + CY)] v
2 g

lin =ijgslvg +ijgd1
(gm2)? + w2(Cya1 + Cy) (B-5)

+ wz [ngCZZ + Im1 (ngl + CY)ngl]

2 9
(Gm2)? + wZ(Cgm + CY)

From (B-3), the formula for Ry and Cy can be derived as:

_ Gz + wZ(ngl + Cy)z
X (l)z[gmz(:z2 + gm1 (ng1 + CY)ngl]

R (B-6)

and

[(ng + Im1)Gmz + wZCY(ngl + Cy)] (B-7)
92y + 0*(Coar + Cy)z

Cx = Cgsl + ngl
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APPENDIX C

NOISE FACTOR OF THE CASCODE CAPACITIVE FEEDBACK CSLNA

To find the noise factor of a cascode capacitive feedback CSLNA, we first derive the
noise factor of its non-cascode structure. Figure C.1 shows the small signal circuit of the
non-cascode capacitive feedback LNA. Z, is the equivalent load impedance. For
simplicity, three main noise sources are considered for the noise factor derivation, namely
input voltage thermal noise due to R, v;,, voltage thermal noise due to the parasitic
resistance of Lg, v, and transistor channel thermal noise, iyz;. To find the total noise
factor, we employ the super position theory to find the noise contribution from each noise

source.

Figure C.1: Small signal circuit of the non-cascode capacitive feedback LNA

In a cascode LNA, Z, is equivalent [(1 /9m2)// Cy] where g, is the
transconductance of the cascode transistor and C,, is the total capacitance at the input

transistor's drain terminal to ground. Therefore, Zy is much smaller than the total
impedance looking to the left side of node D in Figure C.1. Firstly, we find the current

noise appeared at node D due to iy;. When vy, and v, are short-circuited, since Zy is
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much smaller than the total impedance looking to the left side of node D, the current

noise appeared at node D due to i, is:

2 ~ 72
lout,tdl ~ 1l

(C-D

Secondly, we find the current noise appeared at node D due to v;,. When v, is short-

circuited and i;; is open-circuited, the current noise appeared at node D due to v;,, is:

2 — 2 2 -
lout,vm - gmlvgs (C 2)

Ly Cd1 Ly Ly

B g N rm i pans T

4 Ry,

- Cgsr_g,,,,ve =Cy Cx==R (;f__
= Ll = s

Figure C.2: Input impedance small signal model

In Figure C.2, Ry and Cf are the equivalent series resistance and capacitance of the

parallel RC Ry and Cy. Based on Figure C.2, the gate source voltage, v, due to v, is:

1
Voo i1y = Zin SCf v; ()
gsin T R+ Zin.Rf +sLy + 1/(5Cgsl) "

Ry +

where Z;,, is the input impedance. With the input matching condition where Z;;, = R; and

at the resonance frequency equation (C-3) becomes:
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1

Re + —
17 " sC 1 1 -
Vgs,in = _—fvin = —<1 + )Vin CH
Substituting (C-4) into (C-2) yields:
2 1 2 2 2 C 5
Loutyin = ZQeff_no_Lgmlvin (C-5)

where Qcf froy, A matching is defined as :

1 1 1
Qoo =14 = [lt——3= |1+ ——0 (C-6)
sCrRy (woCrRy) (woCrRs)
Similarly, the current noise appeared at node D due to v, is:
(C-7)
lcz)ut,ng = Z ngf_no_LngnlvEg
The total noise factor of the non-cascode capacitive feedback LNA is:
2 2 12
l l T l 4
Fesnor1 =1+ ;uug + Zu“dl =1+ ﬁ %1 2 (C-8)
Loutvin  loutmin s U (gm1 Qeff_nO_L)

Now, we will find the noise factor of a cascode capacitive feedback CSLNA. The

cascode stage (M;) as shown in Figure C.3 can be consider as a CG-amplifier.
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Figure C.3: Cascode capacitive feedback LNA

The total gain from input to the drain terminal of M;is:

1 ) (C-9)

1 1
Ay = Egleeff_no_L (RY//Cy) = Egleeff_nO_L (gmz + sCy

For simplicity, the noise factor of the cascode stage ignoring the effect of finite drain-

source resistance is:
2,0 1\?
F,=1+ g(_) (C-10)
Vl%q Im?2

The total noise factor of the capacitive feedback LNA including the cascode stage is:

FZ - 1
Fesnor =Fesnora + "
v1

_1+7'L_g+l§1_1 4 lgl_zz\/(grznz'i'wgc}g)
- 2 2 T 2
R V5 (gleeff_no_L) Vi gleeff_no_Lng

(C-11)
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APPENDIX D

NOISE FACTOR OF LNA4

The derivation steps will be similar to Appendix C. To find the total noise factor, we
employ the super position theory to find the noise contribution from each noise source.
Zy is the equivalent load impedance. For simplicity, three main noise sources are
considered for the noise factor derivation, namely input voltage noise due to R, vy,

voltage thermal noise due to the parasitic resistance of L,, v, and transistor channel

thermal noise, iy4.

Vig Ly Cyar
R _@m G 1 D
[
Cys ,
C, 981 —— GmVys l Ia1
Vin ZY[]
S

Figure D.1: Small signal model for noise analysis of LNA4

Firstly, we find the current noise appeared at node D due to iy;. When vy, and v, 4 are

short-circuited, the current noise appeared at node D due to i441s:

2 ~ 12
lout,tdl ® lgy

(D-1)

Secondly, we find the current noise appeared at node D due to v;,. When v, is short-

circuited and i;; 1s open-circuited, the current noise appeared at node D due tov;, is:
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2 (D-2)

— 2 4,2 — 2 2 2
Loutin = YmVgsrs = ZQeff_ngmlvRs

L Il

(b)

Figure D.2: Induced Vys due to (a) Vg (b) vgs

Lastly, we find the current noise appeared at node D due to v, 4. From Figure D.2(a),

the induced v, due to vy 4 is:

1 1
Re+5c Brtse
VgsLg = Vig 1 1~ Vi 1
Re+——+sLy +——— Ry +sLy + ———
sCy 9 "1 f o1 (D-3)
R_s + SCg R_s + SCg
From Figure D.2 (b), the induced v, due to v;, at matching is:
1 1
Vgswin = Evin 1 - Evm Rf-I-—SL (D-4)
— 1
Rf + SCf + SLg
Dividing (D-3) by (D-4) we have:
vout,Lg — vgs,Lg — Zvﬂ Rf + SLl (D'S)
Vout,in vgs,vin Vin .Rf + SLl + 1 1
5 +sC
R, Y
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The following three equations will be used to simplify equation (D-5)

wWoL4 (D-6a)
QL = R - woly = QLRy
f
1 1 (D-6b)
QL= - wOCg
wOCng QLRf
Rip 7 = ! = woli = QfR¢ = Ry, therefore Br = L (D-6¢)
B wgchf Ry Rs  Qf
Substitute D-6(a-c) to (D-5) we have:
vn,out,Lg — vﬂ 2 Rf + SLl — vﬂ 2 Rf +jQLRf
Un,out,Rs Vin Rf + SL1 + 1; VUin Rf +jQLRf + ﬁ
R, + %G RO
_ Y, 1+j0Q, _ Vg, 1+jQ,
Vi A4t T 14jO
2t 2te,  ©
s L L L
_ Y, 1+j0, _ Vg 2(1+jQ,)?
Vin o . QLZ Vin . (1 +jQL)2 + Qf
tHe T,

_ vﬂZ(l +jQ,)?
vin 1420,

Therefore:

- 272 (D-8)
Vnoutg’ 41+ QP?r, 4 |1+ (woLs/R,)'] Tg

Un,out,mz 1+ 4QL2 Rs 1+ 4(0)0L1/Rf)2 Rs
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Similarly to equation (C-9) in Appendix C, the total noise factor of the capacitive

feedback LNA including the cascode stage is:

2 2
Un,out,Lg loutiar  F2—1
Ay

2 2
Un,out,in Lout,in

2 _
1y 41+ (wols/R;)’| g |, a1
1+ 4(w0L1/Rf)2 Rs v (gm1Qeff_n)2

152 2/ (g7 + 03C)

% Im1 Qeff_no_LgrznZ

4

(D-9)
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