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A 1.8 -V CMOS LNA applied for Ultra-Wideband 3.1 to 10.6GH_,

Wireless Receivers

Student: C.F. Lee Advisor: Dr. Albert Chin

Department of Electronics Engineering & Institute of Electronics
National Chiao Tung University
Abstract

A 3.1-10.6 GHz low noise amplifier is applied for ultra-wideband, it introduces LC
ladder for input matching. And L section is used for output matching. This research is
fabricated in 0.18- z m CMOS process. Two amplified stages are formed for main
topology in low noise amplifier. The first stage introduces CS-CG cascode configuration,
it can improve the reverse isolation and frequeney response. The second stage introduce
Darlington pair configuration, it:can-boost.the unity gain bandwidth. Relatively flat gain
is essential over the entire desired-band. Thelow noise amplifier introduces the shunt
peaking to achieve the above purpose. The total power dissipation of the chip is about
22 mW at power supply 1.8 volt. The chip size included pad is 1 mm?® The
measurement result of this study expect that the average forward S;; is 7 dB, the reverse
isolation Si, is -35 dB, the magnitude of S;; is -7 dB, the magnitude of S,; is -8 dB, and

the noise figure is 8 dB.
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Chapter 1
Introduction

1.1 Motivation

Ultra-wideband (UWB) system is a new wireless technology capable of
transmitting data over a wide spectrum frequency bands with very low power and high
date rates. It communicates with short pulses on the order of nanoseconds, thus
spreading the energy of the radio signal over a very wide bandwidth. Compared to
traditional narrow band communication systems, UWB technology has the promising
ability to provide high data rate at low cost with relatively low power consumption. The
FCC has allocated 7.5 GHz of spectrum for unlicensed use of UWB devices in the 3.1 to
10.6 GHy frequency band. The low noise amplifier needs to amplify the received UWB

signal with sufficient gain and as little as.possible. From Shannon’s equation

C =Blog(1+ :;O ) for the channel.eapaeity, we know that a UWB wireless network,
0

the bandwidth will likely be much‘higher‘than the data rate, so that the system can
operate at very low signal to noise ratio [1].

For the overwhelming majority DSP chips, most designer introduces the CMOS
process to achieve system on chip (SOC). But for analog and radio frequency chips, due
to the electricity, noise and other parameters have strict demands. In order to achieve the
specification of the products, different communication systems have different demands
in process. In the past, due to G,A; process has excellent high frequency parameters, so
most designer introduces the G,A; process to design theirs products. But the deep
sub-micro CMOS process has acceptable high frequency parameters. Recently there are
designers introduce 0.25 micrometer, 0.18 micrometer or 0.13 micrometer CMOS

process to design radio frequency transceivers. Because CMOS process’s cost is less



expensive than other process’s. And that radio frequency transceiver introduces CMOS
process is facile integration with base-band circuit. Achieving perfection of the SOC is

feasible in future.



Chapter 2
Basic Concept in RF Design

2.1 Nonlinear Effect in RF Circuits

While many RF circuits can be approximated with a linear model to obtain their
response to small signals, nonlinearities often lead to interesting and important

phenomena. For simplicity, we assume that
y(t) = o X(t) + 052)(2 )+ 053X3 (t) (1)

If a sinusoid is applied to a nonlinear system, the output generally exhibits

frequency components that are integer multiples of the input frequency.

IfX(t) = Acos wt , then

y(t) = a,Acos ot +a; Ab.cos” wt + a, A’ cos’ wt @)

_ A 3a, A’ a,A’ o, A’

+| o, A+ cosat + cos2at + cos3amt (3

In Eq. (3), then term with the input frequency is called the “fundamental” and the
higher-order terms the “harmonics.” The amplitude of the nth harmonic consists of a

term proportional to A"

3a, A’

In (3) this occurs if X3<0. Written as@; + , the gain is therefore a

decreasing function of A. In most circuits, the output is a “compressive” or “saturating”
function of the input; that is, the gain approached zero for sufficiently high input levels.
This effect is quantified by the “1-dB compression point,” defined as the input signal
level that causes the small-signal gain to drop by 1 dB. If plotted on a log-log scale as a
function of the input level, the output level falls below its ideal value by 1 dB at the

1-dB compression point.



When two signals with different frequencies are applied to a nonlinear system, the
output in general exhibits some components that are not harmonics of the input
frequencies. Called intermodulation (IM), this phenomenon arises from multiplication
of the two signals when their sum is raised to a power greater than unity. We assume

that
X(t) = A cosaot + A, cosw,t @)
Thus,

y(t) =, (A cosmt + A cosmt) +a, (A cosmt + A cosmyt)’

5
+a3(A cosat + A cosmyt)’ ©)
Expanding the left side and discarding DC terms and harmonics, we obtain the
intermodulation products:
3a, A’ 3a, A’
w20 o, : Mcos(2a)1 s )b+ ﬁcos@a)] —w))t
4 4 (6)
3a,A° 3a,A,°
w20, T, : #005(202 o)t + #COS(ZCOZ — o)t
(7)

Because the difference between @ and @, is small, the components at
2@1-w2 and 2 @- @ appear in the vicinity of @ and @,. In a typical two-tone test,
A1=A,=A, and the ratio of the amplitude of the output third-order products to « A
defines the IM distortion. If a weak signal accompanied by two strong interferers
experiences third-order nonlinearity, then one of the IM products falls in the band of
interest, corrupting the desired component.

Use IP; to characterize this behavior. Called the “third intercept point” (IP3), this
parameter is measured by a two-tone test in which A is chosen to be sufficiently small

so that higher-order nonlinear terms are negligible and the gain is relatively constant



and equal to « ;. The third-order intercept point is defined to be at the intersection of

the two lines [2].

2.2 Noise

Noise is usually generated by the random motions of charges or charge carriers in
devices and materials. Because the noise process is random, one cannot identify a
specific value of voltage at a particular time, and the only recourse is to characterize the
noise with statistical measures, such as the mean-square or root-mean-square values.
Because of having various noise sources in the circuit, we need to simplify calculation
of the total noise at the output [3]. Obviously, the output-referred noise does not allow a
fair comparison of the performance of different circuits because it depends on the gain.
According the circuit theory, we can use the input-referred noise of circuits to represent
the noise of behavior in the, eircuitseTo.overcome the above confusion, we specify the
“input-referred noise” of circuits. Illustrate conceptually in Fig. 2-2. To represent the
effect of all noise sources”in. the.citcuit-by a-single noise source. The input-referred
noise and the input signal are both'multiplied by the gain as they are processed by the
circuit. Thus, the input-referred noise indicates how much the input signal is corrupted
by the circuit’s noise. The input-referred noise is a spurious quantity in that in cannot be
measured at the input of the circuit. The two circuits of Figs. 2-2(a) and (b) are
equivalent in mathematics but the real physical circuit is still that in Fig. 2-2(b). The
noise of a two-port network can be modeled by two input noise sources: a series voltage
source and a parallel current source. Generally, the correlation between the two sources
must be taken into account. The situation is shown in Fig. 2-3, where a two-port
network containing noise sources is represented by the same network with internal noise
sources removed and with a noise voltage and current source connected at the input. It

can be shown that this representation is valid for any source impedance, provided that



correlation between the two noise sources is considered [4].

The signal-to-noise ratio (SNR), defined as the ratio of the signal power to the total
noise power, is an important parameter. In RF circuit, most of the front-end receiver
blocks are characterized in terms of their “noise figure” rather than the input-referred
noise. Noise figure has many different definitions. The most commonly accepted

definition is

SNR.
ise fi =—7"0 8
noise figure SNR @)

out

Noise figure is a measure of how much the SNR degrades as the signal passes through a
circuit. If a circuit has no noise source, the SNR,,=SNR;jn, regardless of the gain.

The noise figure of a two-port amplifier is given by

r
F = Fmin + g_n Ys — yopt (9)

S

where I, is the equivalent nermalized noise resistance of the two-port, Ys=gs+jbs
represents the normalized source admittance, and Yop=0opt+jbopt represents the
normalized source admittance which results.in-the minimum noise figure, called Fpjn. If

we express Ys and Yo in terms of the reflection coefficients I's and I'opy.

_l_rs

ys - 1+T (10)
1-T,,
Yopt = : (11)
" 14T,
Substitute (10) and (11) into (9) results in the relation
arr, -1,/
F=F_. + (12)

(=0 f+ |

pt

When I'=I'q, occurs, the value of F is equal to Fpin. Fmin 1s a function of the device bias
current and operating frequency [5].

For a cascade of stages, the overall noise figure can be obtained in terms of the NF
and gain of each stage. For m-stages, the NF, is equal to

6



NF, -1 NF, -1
+...+—

NF,, =1+ (NF, —1)+
tot ( 1 ) A A

(13)

pl pt """ Pp(m-1)

where A, 1s the available power gain of the m-th stage. This is called the Friis equation.
The Friis equation indicates that the noise contributed by each stage decreases as the
gain preceding the stage increases, implying that the first few stages in a cascade are the

most critical [2].

2.3 Cascaded Nonlinear Stages

Since in RF systems, signals are processed by cascaded stages, it is important to
know how the nonlinearity of each stage is referred to the input of the cascade. Consider
two nonlinear stages in cascade. As shown in Fig.2-4. Assuming that the input-output

relationship is
Y (0= o X & e, X (1) + ;X (1) (14)
YO =AY+ O+ 5y, (). (15)
Substitute (14) into (15) résults-in the-relation

Y, (1) = a, BXO (B, +2a,0, 8, + 0" B;) X (1) (16)

. If we consider only the first- and third-order terms, then

iy af |
Ao = \/3 ‘a3181 + 2a1£¥21ﬂ2 + a13ﬂ3‘ . 4

From equation (17) can be simplified if the two sides are inverted and squared:

1 1 3a,8 o
2 a2 + 0
Aws Al 20 ALER

) (18)

where Ajp; ; and App; ; represent the input IP; points of the first and second

stages, respectively. From the above result, we note that as «, increases,

the overall IP; decreases. This is because with higher gain in the first stage,

the second stage senses larger input levels, thereby producing much greater

7



IM; products [2].
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Chapter 3
Basic Low-Noise Amplifiers Design

3.1 General consideration in Low-Noise Amplifiers

The stability of an amplifier is a very important consideration in a design and can
be determined from the S parameters, the matching networks, and the terminations. A

two-port network to be unconditionally stable can be derived from (19) to (22).

Irf <1 (19)
Irf<1 (20)
S.S. T
r _ 12¥21° L 1 21
|IN| S11"'1_SZZFL < (21)
S.S T
Y i +1‘_2Sﬁ <1 (22)

The two-port network is shown.in Fig. 3-1. For unconditional stability any passive load
or source in the network must produce a stable condition. The solution of (19) to (22)

gives the required conditions for the two-port network to be unconditionally stable [].

2

1[50 =[5

2S,,S,, )
A=S,S,, -S,,S, (24)
A convenient way of expressing the necessary and sufficient conditions for
unconditional stability is
k>1 (25)
Al <1. (26)

12



The need for matching networks arises because amplifiers, in order to deliver
maximum power to a load or to perform in a certain desired way, must be properly
terminated at both the input and the output ports. Figure 3.2 illustrates a typical situation
in which a transistor, in order to deliver maximum power to the 50-ohm load, must have
the terminations Zg and Z;.. The input matching network is designed to transform the
generator impedance to the source impedance Zg, and the output matching network
transforms the 50-ohm termination to the load impedance Z;. In a resonant circuit, the
ratio of its resonant frequency f, to its bandwidth is known as the loaded Q of circuit.

That is,

o 27)

QL:BW

The matching networks in Fig. 3-3 are used to provide a match at a certain frequency.
The frequency response of a‘matchingmetwork can be classified as either a two-pole
low-pass filter or a high-pass filter. At each node’of the matching networks, there is an
equivalent series input impédance; denoted by 'Rs+jXs. Hence, a circuit node Q, denoted
by Qp, can be defined at each node as

Q, = LS (28)
RS

If the equivalent parallel input admittance at the node is Gp+jBp, the circuit node Q can

be expressed in the form

_[B|

Q=g

(29)

In order to obtain a high value of Qp, the circuit node Q must be high. Higher values of
Qv than those obtained with the matching networks in Fig 3-3 can be obtained using
matching circuits with three elements. The addition of a third element to a matching
networks in Fig 3-3 results in either the lossless Tee network or the lossless Pi network.
The addition of a third element introduces flexibility in the selection of the loaded Q,
since the equivalent series impedance at the nodes in the circuit will determine various

13



values of Q,. Obviously, a high value of Q, in the circuit will result in a high value of
Q.. However, it is not simple to exactly relate Q, to Qr in these circuits. The Q of a Tee
or Pi network is normally taken as the highest value of Q, in the circuit. The upper and
lower parts of the constant-Q contours can be shown to satisfy a circle equation as

follows. Since

. 1+ 1-U?-=V? . 2U
Z=r+ jx= = ——+ ] —— (30)
1-I' (1-U) +V 1-U) +V
then
X 2U
Q r 1-U?-v? Gh
which can be written as
, 1Y 1
U +Vi—| =1+ (32)
Qn Qn

The plus sign applies whenX is positive, and the minus sign when X is negative.
Equation (32) is recognized as the equation of a eircle. For x>0, the center in the I plane

is at (0, -1/Qy), and for x<0 at.(0, 1/Q,); the radius of the circle is

1
Q%

1+

(33)

In a RF amplifier, the input and output matching networks provide the appropriate
ac impedances to the transistor. The transistor must also be biased at an appropriate
quiescent point. A complete RF amplifier contains both dc bias components and the ac
matching network. RFCs, bypass capacitors, and coupling capacitors need to be
introduced so the dc bias components do not affect the ac performance of the amplifier.

Illustrate conceptually in Fig. 3-4. [5]

14
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Fig. 3-4 (a) A discrete RF amplifier; (b) the dc model; (c) the ac model.
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3.2 Conventional LNA design
3.2.1 Narrow band LNA design
In the design of low noise amplifier, there are many important goals. These include
noise figure minimization, providing sufficient gain with good linearity, and the
reasonable power consumption. Fig 3-5 illustrates the input stage of the low noise
amplifier with source degeneration. A simple calculation is

1 Om2
+| =2m2 | 34
= [Cj o4

gs2

Z, = s(Lg +L)+

S

If choose appropriate value of inductance and capacitance, then Ly+Ls and Cg will
resonate at certain frequency. By choosing Lg appropriately, the real term can be made
equal to 50(). The gate inductance L, is used to set the resonance frequency once Ls is
chosen to satisfy the criterion of an50£2. input impedance. The matching method in
noise performance is better than using résistance termination of the input end.

The reverse isolation of low noise-amplifier determines the amount of LO signal
that leaks from the mixer to the antenna. The leakage arises from capacitive paths,
substrate coupling, and bond wire coupling. In heterodyne receivers with a high first IF,
the image-reject filter and the front-end duplexer significantly suppress the leakage
because the LO frequency falls in their stop-band. In homodyne topology, the leakage is
attenuated primarily by the LNA reverse characteristics. Equation (23) suggests that
stability improves as S;, decrease, i.e., as the reverse isolation of the circuit increases.
The feedback can be suppressed through the use of a cascade configuration, but at the
cost of a somewhat higher noise figure. The common-gate transistor in the Fig 3-5, M,
plays two important roles by increasing the reverse isolation of the LNA: (1) it lowers
the LO leakage produced by the following mixer, and (2) it improves the stability of the

circuit by minimizing the feedback from the output to the input [6].
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Fig. 3-5 Common source stage use inductance degeneration.
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Fig. 3-6 Wide-band LNA circuit schematic.
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3.2.2 wide-band LNA design
Figure 3-6 is the LNA circuit schematic. We discuss this circuit step by step from
the first stage. First, to makel/ g, =50Q, the gn value of common gate amplifier is
going to be fixed at certain trans-conductance. An additional stage is required to provide
sufficient gain over the desired band. A shunt feedback common source amplifier is

used in the second stage for this purpose. The first step is the selection of transistor size

and bias condition of the MI to yield Re|Z“|:1/ 0, =50€Q . This ensures input

matching condition for wide-band of frequency. But this condition is violated with
optimum noise condition. There is a trade-off between noise and impedance matching in
the LNA circuit. One of the major problems in the wide bandwidth amplifier design is
the limitation imposed by the gain-bandwidth product of the active device. We know
that any active device has a gain rollvoff at high frequency because of the gate-drain and
gate-source capacitance in:the transistor. This effect degrades the forward gain as the
frequency increases and evéntually the-transistor stops functioning as an amplifier at the

high frequency. Therefore the second design step is the selection of optimal bias point

of second stage of LNA so that it operates at its maximum fr. In addition to this |821|

degradation with frequency other complications that arises in wide-bandwidth amplifier

design includes, increase in reverse gain |Slz| and noise figure at high frequency.

Negative feedback configuration is used to reduce these effects and increase the
bandwidth. An inductor L is connected in series with Rt such that after certain frequency
the negative feedback decreases in proportion to the S;; roll-off. This technique
improves gain flatness at high frequency. The load inductance of L, and L, replace the
resistor load which is used conventionally. The magnitude of the inductor’s impedance
increases as frequency increases. This increase inductor impedance compensates the
active device gain degradation that occurs at high frequency [7].
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Another wide-band LNA design schematic is shown in Fig. 3-7. In figure 3-7, the
Rt is added as a shunt feedback element to the conventional cascade narrow band LNA
and Lje,q 1s used as shunt peaking inductor at the output. The capacitor Cr is used for the
ac coupling purpose. The source follower, composed of Ms and My, is added for
measurement proposes only, and provides wideband output matching. C; and C, are ac

coupling capacitor. The small-signal equivalent circuit at he input of the LNA is shown

in Fig. 3-8. The resistor Ry, =R;/(1-A,) represents the Miller equivalent input

resistance of Ry, where A, is the open-loop voltage gain of the LNA. From equivalent
circuit, the value of Rt can be much larger than that of the conventional resistance
shunt-feedback. In the conventional resistance shunt-feedback, the size of Rs is limited
as Riv determines the input impedance. One of the key roles of the feedback resistor Rt
is to reduce the Q-factor of the resonmating narrowband LNA input circuit. The Q-factor

of the circuit shown in Fig:-3-8 can be approximately given by

1
(@L,)’

M

Qus (35)

|:RS+CL)TLS+ }oa}OOCgS

From equation (35), and considering the inversely linear relation between the -3dB
bandwidth and the Q-factor, the narrowband LNA in Fig. 3-7 can be converted into a
wideband amplifier by the proper selection of Ry. To design a wideband amplifier that
covers a certain frequency band, the narrowband amplifier will be optimized at the
center frequency. The feedback resistor R also provides its conventional roles of
flattening the gain over a wider bandwidth of frequency with much smaller noise figure

degradation [8].
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Another circuit topology for wide-band application is distributed amplifier (DA).
Distributed amplifier was first introduced by [9]. MMIC DA was mainly implemented
using G,A;-based or SiG. devices. The distributed amplifier schematic is shown in Fig.
3-9. From the Fig. 3-9, we can observe that the power gain of a cascade pair is
considerably higher than that of a common-source single transistor. The input signal
propagates down the gate line, with each FET tapping off some of the input power. The
amplified output signals from the FETs form a traveling wave on the drain line. The
propagation constants and lengths of the gate and drain lines are chosen for constructive
phasing of the output signals, and the termination impedanc3es on the lines serve to
absorb waves traveling in the reverse directions. According to equivalent circuit of a
single unit cell of the gate line and drain line, we can get optimal number of section
[10].

g In(agly /a,l,) (36)

opt
a,l, —ayl,

A small resistor Rgy 1s added:in the gate of common-gate transistor to improve the
entire circuit stability. The input and output impedances of the cascade device are
needed. In the DA design, the input and output of the cascade FETs used in the
distributed amplifier were terminated by the gate line characteristic impedance Zyg and
drain line characteristic impedance Zqq, respectively. Higher gain can be obtained by
choosing higher characteristic impedance of gate (Zog) and drain lines (Zoq) but the
cutoff frequency will be lower, which will limit the bandwidth. The m-derived matching
section is used in our design to overcome the well-known non-constant image
impedance from the constant-k sections. A de-embedded m-derived 7 equivalent
circuit is shown in Fig. 3-10. Distributed amplifiers are not capable of very high gains
or very low noise figure, however, and generally are larger in size than an amplifier
having comparable gain over a narrower bandwidth.
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Fig. 3-10. A de-embedded m-derived 7 -equivalent.
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Chapter 4
Ultra-Wideband CMOS LNA Design

4.1 Circuit topology and Design flow

4.1.1 Overall circuit introduction
Figure 4-1 shows the proposed ultra-wideband CMOS low noise amplifier

topology. From Fig. 4-1, we can observe that it is a two stage low noise amplifier.
Where, the output stage is formed by Darlington pair. Because any MOSFET has a
property of gain decreases as frequency increases. The parameter @, represents the
gain-bandwidth frequency. It is the frequency where the short circuit gain approximates
unity. So, it is expected that the parameter @, can decide high frequency performance.
Device fr is bounded within any given technology, so it would seem that once biasing

conditions that maximize fr-have been established. Equation (37) represents the fr.

g
2 =——=0 — 37
ERE S C, (37)

Briefly speaking, fr is the ratio of trans-conductance to input capacitance. If a way could
be found to, say, decreasing trans-conductance, fr would increase. The ordinary
differential pair may be considered an fr doubler by this definition, for the device
capacitances are in series as far as a differential input is concerned. Hence, the
differential input capacitance is one half that of each transistor. The differential
trans-conductance, on the other hand, is unchanged because, although the input voltage
divides equally between the two transistors, the differential output current is twice the
current in each device. Hence, the overall stage trans-conductance is equal to that of
each transistor, and a doubling of fr results [3].

The ultra-wideband is for 3.1 to 10.6 GHz application. The flat forward gain over

the whole bandwidth is essential. A technique that satisfied this requirement of large
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bandwidth at low cost is known as shunt peaking. The resistance Ry improves the gain at
lower frequency. At high frequency, the Ly can improve the gain.

L-section matching network is used for measurement purposes to drive an external
50Q load. And Cj, and C,t is AC coupling capacitor. Between the first and second
stage 1S Cinter-stage that block the DC bias point and provide an AC path from the first
stage to next stage.

The cascode topology improves the reverse isolation (S;2) and the frequency
response of the amplifier. Because the M, of the cascode topology has the small input
impedance, it can yield the small Miller capacitor. The cascode component is chosen as
small as possible to reduce the parasitic capacitors.

4.1.2 Noise analysis
The noise contribution of the input network is due to the finite quality factor Q of

the integrated inductors. The MOSFET transistor noise sources are shown in figure 4-2.

In reference [11], the noise generator—i u—is

E:4kT@ngAf +k 'fD Af, (38)

% .. i
Af  is flicker noise

where 4kT (% gmjAf is thermal noise component, and k

component. And noise generator i’g is

i2g = 2q1 L Af . (39)

As shown in figure 4-2 (b), because the current gain of the source degeneration is

ﬂ(ja)):_ﬁ,and the cut frequency is @; zi,so the i’n is
Jo Cgs
i7n=i% + Jg Fita, (40)
and V2, is
S &
Vi =Zi% +(1—a)2c952)g—, (41)
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Fig.4-3. The power loss of passive network.
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where Z is

jol,

Z=jol, +——>32—.
15 1-@’C.L,,

(42)
For a lossy passive reciprocal network the noise figure is equal to the loss [10]. The

noise contribution of the passive network in the figure 4-2 (c) is
10log(i-$,> =S, (43)

where Sy is equal to

A+B/50-50C-D

: (44)
A+B/50+50C+D
and S,; is equal to
2 . (45)
A+B/50+50C+D
The transmission matrix parameters [10] A is equal to
1<0’C, Ly, (46)
and B is equal to
joL, (1-0,CL,, )+ jol,,. (47)
and C is equal to
1-»°C,L
joC, + ——(1-0’C,L,, ), 48
jac, +—ZR 2 -a'CL,) (48)
and D is equal to
1-w°C,L L
joLy| joC, +———"9(1-w’C,L, ) |[+1+—2(1-w’CL,,). (49)
Ja)Lgl Lg1

The loss of the passive network is shown in figure 4-3.

4.1.3 Input matching and output matching
The input impedance of the MOS transistor with the inductive source degeneration

is a series RLC circuit. The input impedance Z; is
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1 sL g L
Z,=slL,+L, )+ + e e I IO = ' >0
2 ( 93 sl) sC 1.|_32CSL52 C ( ! 1+SZCsL52) 0

gsl gsl

And the parallel impedance Z; is

e T (51)
1+s°C,L

19l

Figure 4-4 shows the two port network for calculating input impedance.

Y =L,Y2 _ 1+sC,Z, Y, = 1 (52)
Z, Z, sL,,
A=1+Y—2,Bzi,C=Yl+Y2+Y‘Y2,D=17LL (53)
Y3 Y3 Y3 Y3

According to transmission matrix theory, we can find the input impedance from ABCD

parameters.
1+sC,Z,)sL
SL gy X 1+( 222)5Ly2
, _ |AB_ Z, (54)
in CD 1+ng,2 7 L+ Z, +ngz(1+sC222)
~ Z, 14+sC,Z, Z7,

The Z, involves the real part and imaginary part. The real part of the Z2 is dependant of

the operation frequency. Because in reference[6], the real part of the input impedance

isg—”‘ L, . Assume that the inductance of the L, has fifteen percent error due to the
gs

process variation. The real part of the input impedance would have fifteen percent error.
But in equation (50), the real part of the Z, would have only six percent error. It proves
that the LC parallel network in series at the source would reduce the real part of the
input impedance error.
The output impedance Ry, of the Darlington pair is

Roue = [Rbias +(1+ gm3Rbias)ro3]// Tog = Tos - (55)
Because the real part of the impedance is Iy parallel Ry, but the value of 1y is larger

than Ry. So the real part of the output impedance is about Ry. Choosing proper the value
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of the Rd, can reach purpose of the output matching. The imaginary part of the output

impedance is

sk, R sL
——4  /|sCyi /| SCoy +SCul 1+ 0., —> | | |[=—=2—. (56
1+32Cds4|—d |: ds3 ( gs4 gd4( gm4 2 jj} 1+SZCT Ld ( )

And the L-section method is used for cancel the imaginary part of the output impedance
over the entire operation band.
4.1.4 Darlington pair
The schematic is shown in Fig. 4-9. By proper choosing size of the transistor, the

overall trans-conductance is

G, = 9m __.09g.,, (57)

gm3 Rbias

and the overall parasitic capacitance is

Gt G
ﬁ"'cgm €4 z0-5(0954 +C9d4)’ %)
gs3 gs4
so the frp would
fTD = Gm ~ 0.9gm4 zl'ngS ’ (59)
0.5(C954 + ng4)

C _..oC
2a( 4 C ., +Cy))
Cys, +Cos 9 g

Then, the overall cut-frequency would approximately twice with single transistor at
same power consumption level. With fr doubling circuits it is often possible to obtain
80% increase in bandwidth, although the exact improvement depends on numerous and
variable factors. The simulation result is shown in figure 4-10. From simulation result
we can observe that the fr is similar, but the gain of the Darlington pair in the desired

frequency band is higher than single transistor’s gain.
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Fig. 4-4. The equivalent circuit of the Z, input impedance.
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Fig. 4-5. The equivalent circuit of the Z;, input impedance.
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Fig. 4-6. The simulated Sy, of the proposed LNA.
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Fig. 4-7. The Q, of the proposed LNA.
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Fig. 4-8. The simulated'S;, of the proposed LNA.
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Fig. 4-9. The Darlington pair schematic.
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Fig.4-10. The simulation result of the Darlington pair compared with single transistor.
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4.1.5 Shunt peaking
A model of shunt peaking amplifier is shown in Fig. 4-11. The capacitance C may
be taken to represent all the loading on the output node, including that of a subsequent
stage. The resistance R is the effective load resistance at that node and the inductor

provides the bandwidth enhancement. It’s clear from the model that the transfer function

Vou i is just the impedance of the RLC network, so it should be straightforward to

in
analyze. The addition of an inductance in series with the load resistor provides an
impedance component that increases with frequency, which helps offset the decreasing
impedance of the capacitance, leaving net impedance that remains roughly constant over

a broader frequency range than that of the original RC network. The impedance of the

RLC network may be written as
1
Z2(s)=(sL+R)/—. 60
(SYF(sh R)/ (60)

In addition to a zero, there-are two poles. We introduce a factor m, defined as the ratio of

the RC and L/R time constant;

RC

L/R 1)

Then, the transfer function becomes

RIS(L/R)]+1 _ R(s+1)
S’LC+SRC+1 s*z’m+sm+1"~

Z(s8)= (62)
where 7 =L/R.

The magnitude of the impedance, normalized to the DC value as a function of frequency,

is then

Z(jo) =\/ (w7)* +1 63)

R (1- @’ 7’m)* + (@mm)*’

so that
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2 2

ﬂz\/\/(_m?+m+1)2+m2+(—m7+m+1), (64)

o

where @i is the uncompensated -3dB frequency. If chosem =42 ~1.414, then can

extend the bandwidth to a value about 1.85 times as large as the uncompensated
bandwidth. However, this choice of m leads to nearly a 20% peak in the frequency
response, a value often considered undesirably high. If chosem =1 ++/2 ~2.414, then
can lead to a bandwidth that is about 1.72 times as large as the un-peaked case. Hence,
at least for the shunt-peaked amplifier, both a maximally flat response and a substantial
bandwidth extension can be obtained simultaneously. In my design, the m is about 2.31,

thenw ~1.743w, .
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Fig. 4-11. The model of shunt peaking amplifier.
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4.2 Layout and Other Consideration

4.2.1 Layout consideration

Figure 4-13 is the layout diagram. The measurement instruments have the parasitic
loading effect. To avoid the effect we must parallel the bypass capacitor with the bias
pad to ground. The parallel bypass capacitor can provide a short path to ground at high
frequency. The parallel bypass capacitor requires essential capacitance so that make a
result of ground at high frequency.

The discontinuities introduce parasitic capacitance or inductance that can lead to
phase and amplitude errors, input and output mismatch, and possibly spurious coupling.
One approach for eliminating such effects is to construct an equivalent circuit for the
discontinuity, including it in the design of the circuit, and compensating for its effect by
adjusting other circuit parameters. Anothet approach is to minimize the effect of a
discontinuity by compensating the discontinuity directly, often by chamfering of
mitering the conductor. The right-angle-bend can e compensated by mitering the cornet,
which has the effect of reducing the excess capacitance at the bend. The technique of
mitering can also be used to compensate step and T-junction discontinuities.

4.2.2 Inductors implementation

This design is fabricated by TSMC CMOS 0.18 1 m process. Because that this
process there is not providing inductor model beyond 6 GHy. In this design, inductors
are essential components. Then, [ use EM simulator to generate inductor model and size
parameters. But CMOS process is silicon based substrate, the coupling effect is critical.
And the EM simulator is not accurate enough for estimating coupling loss effect. In
reference [12], it provides more accurate equation to estimate inductance and quality
factor by physical size. So we can use equation and EM simulator to design inductors

simultaneously. The size parameters of the inductor has four parameters, i.e. turns of
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number, space between two metal lines, width of the metal line and inner radius. When
we get the inductors’ S-parameters, then use equivalent circuit model to obtain the
components parameters. Use the obtained components parameters to place into the low
noise amplifier circuit. Therefore we can get the result of post-simulation with inductors.
Considering the cross coupling effect between two inductors and other components,
must place inductor a distance from other components. The inductor equivalent circuit

model is shown in figure 4-14.
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Fig. 4-14. The equivalent circuit model of the inductor.
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Fig. 4-15. (a) Lgz EM simulation v.s. Equivalent model. (b) Ly EM simulation v.s.

Equivalent model. (c) LsiyEM simulation v.s. Equivalent model.
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Fig. 4-16. The quality factor of the inductors in the low noise amplifier.
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Chapter 5

Experimental Result and Discussion

5.1 Experimental Result

Figure 5-1 is simulated forward gain and reverse isolation respectively. The
average forward gain is about 7dB and the reverse isolation is below -35dB at high
frequency band. And the forward gain is flat in entire operation frequency band.

Figure 5-2 is simulated S;; and S,, of the low noise amplifier. The average
magnitude of the S;; is about -12dB and S, is about -7dB in entire operation frequency
band, respectively.

Figure 5-3 is simulated noise figure of the low noise amplifier. The average noise
figure is about 8dB in entire operation fréquency band.

The total power consumption is:about 22mW with a power supply of 1.8 volts. And
the die area including the pads is | mm’.

5.2 Discussion and Conclusion

From result of the figure 5-1 (b), we can observe that when the operation frequency
is increasing, the magnitude of the S, is increasing. Because the gate-drain capacitors
(Cya) provide a feedback path from drain end of MOSFET to gate end of MOSFET at
high frequency. And since the silicon substrate coupling effect, the conductive silicon
substrate provides a conductive path. The result of flat gain is caused by shunt peaking.
The bandwidth is very extensive due to using Darlington pair as output stage.

The magnitude of input reflection coefficient Sy, is below -7dB. There are two
resonance points at 3.5 GHz, and 8.5 GHy, respectively. The magnitude of output
reflection coefficient S, is below -7dB. Because the reactance of the output stage is
smaller than input stage, the output stage can introduce little components to reach

matching. At low frequency, the reactance isn’t effective, and the resistance is
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dominant.

The noise figure of the low noise amplifier is about 8dB. Because that input
matching network introduce much passive components to reach matching. The passive
component between input source and MOSFET gate end can cause noise degrade. The
figure 4-3 shows the situation. But for the purpose of input matching, we need
considerable passive components to form matching network. And the inductor is
introduced greatly in my design. Because of the silicon substrate loss may cause noise

coupling through large size inductors.
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Fig. 5-1. (a) The measured forward gain of the low noise amplifier. (b) The measured

reverse isolation of the low noise amplifier.
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Fig. 5-2. (a) The measured magnitude of S;; of the low noise amplifier. (b) The

measured magnitude of Sy, of the low noise amplifier.
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