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Dual-band LNA with notch filter for WLAN and WIMAX
Student : Hsu Pei-Hsiang Advisor : Chien-Nan Kuo
Degree Program of Electrical and Computer Engineering
National Chiao Tung University
ABSTRACT

Because of the advances of wireless communications in recent
years, utilization of radio fréquency bands has become more and more
frequent. As a result, some issues ariSecgradually, especially the
problem of signal interference.. Therefore, it is necessary to avoid
loss of system isensitivity to interferences b.y careful receiver
front-end cireuitry design.” Usually bandpass.filter (BPF) is used
in receiver frontend to suppress interfering signal strength. Also,
LNA provides gain control to-avoid loss of sensitivity due to
interferences.

For multi-band and mlti-mode integrated systems, adjacent band
interference is another server problem that needs to be addressed.
For example, in Taiwan, the already popular WLAN (2.4~2.5GHz) and
emerging WiMAX (2.5~2.7GHz), because of the close and almost

overlapping frequency bands, 1t is clear that the signal interference

II



problem cannot not be handled by only the BPF. This kind of issues
point out new research directions.

In this thesis, active notch filter 1is proposed to resolve issues
caused by two signals that areod close in frequency. Also, varactor
1s utilized to adjust the LC tank such that WLAN or WiMAX signal can

be obtained at RF output.
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Chapter 1

Introduction

1.1 Motivation

With recent development in the wireless telecommunications sector, frequency ranges
are increasingly intensified. Thus problems begin to emerge with signal-to-interference
degradation being the most urgent. For example, the next-generation wireless networking
WLAN (2.4~2.5GHz), which applies the same modulation scheme (OFDM) as the current
mainstream WLAN (2.4~2.5GHz) does.in Taiwan, exhibits remarkable anti-interference.
However, since both of themy use OFDM modulation, the frequency ranges are so close to
each other as overlap that frequency interference between adjacent ranges may occur. Likely
issues are to be addressed in future studies: Normally, passive comments are used for BPF
design. Thus filter circuits with-sharp cutoff are necessary to remove adjacent frequency range
interference. However, the circuit-design-may be too ‘complicated since sharper cutoffs entail
higher-order circuits. Moreover, the switching-based frequency filtering technique discussed
in this study further complicates BPF design: Therefore, in this.study, a new idea is proposed
which merges LNA and Active notch filter to achieve band selection. A third-order notch filter
is utilized instead of a high-ordet BPF while .cross-couplingsis adopted to enhance the Q
value.

In addition to the above.mentioned adjacent.frequency interference, strong signal has
been identified as another issue. Sensitivity is stressed so much in current LNA design that
LNA saturation might occur. Yet current solution to the problem relies so heavily on external
circuit that production costs become too high and reliability appears questionable. Thus a gain
control method, which determines optimal gain based on control line to selection, is
developed in this study.

The two issues discussed above, adjacent frequency interference and strong signal, are
needed to be addressed immediately, yet LNA product that supports either filter or gain

control is not available in market. Thus a solution is presented in this paper.



1.2 Thesis organization

The paper mainly focuses on LNA gain control and active notch filter.

Chapter 2 presents fundamental LNA design, noise model, gain control circuit and S21
band selection.

Chapter 3 introduces a notch filter which offers very sharp cutoff, yet only applicable to
WiMAX signal with a Wp(signal)>Wz(rejection) circuit. Thus a new circuit needed to be
provided in order to accommodate Wp(signal)<Wz(rejection). Through merging Wp(signal)
>Wz(rejection) and Wp(signal)<Wz(rejection) circuits and using the cross-coupling circuit to
enhance Q value, optimal filtering is achieved.

Chapter4, the active notch filter in Chapter3 is,used»along with S21band selection of
Chapter2 to filter WEAN or WiMAX. Moreover, the gain control circuit also provides three

gain modes for selection to WEAN or WiMAX.



Chapter 2

The Fundamentals in LNA design

2.1 Introduction

It is well known that low noise amplifier is a fundamental building block in radio
frequency (RF) circuit design (Fig 2.1). It amplifies very small RF signal and suppresses the
noises contributed by itself to the circuit.. The structure of a low noise amplifier is usually
simple due to the lowsanoise requirement and the“desiresfor low-power portable systems.
However, the design of such-a~simple circuit, especially with CMOS technology at high
frequency, has never been an easy task because.it is'a compromise of many aspects such as
impedance matching, power gain, linearity, and noise performance. In addition to the various
design considerations, the lossy substrate of CMOS circuits/and. the high frequency eftects of
parasitic components complicate the design problems so that the design targets are hardly
achieved or the design process‘is time-consumingsThis is because the parasitic components
and the substrate coupling network couple with different parts of the circuit such that accurate
design is difficult. Based on the above reasons, we can expect that any modification to the

design of a low noise amplifier would invoke design iterations.
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Fig 2.1 .ow noise amplificr.design

2.2 Low Noise Amplifier Topology and Basic

Fig 2.2 Fundamental LNA design
Vdd

LC.tank Ldé —Cd

L LS % Output

' 4 ' —|| | matching
l:M2 1 ; RFout

Fig 2.2 Basic of LNA. It was introduced LNA basic design of input matching ~ output

matching * noise model - IIP3 and P1dB

2.2.1 Input matching

In terms of design, centering on 2.55GHz with S11 assigned -20dB, S11 between

2.4~2.7 GHz falls below -15dB. S11 is ideally controlled under -10dB. To accommodate
-4 -



process variability, however, -15dB is used so that S11 will not exceed -10dB in actual ic test.

Fig2.4 shows S11 is below -15dB in the range 2.4~2.7GHz.

Fig 2.3 inductive degeneration
Fig 2.1 is basic of, Low-noise=amplifier design. Fig 2.3 is desirable to have a
narrowband RF signal processing, togget rid.ofout of band blocker. It employs inductive
source degeneration to' generate-a- real teriy in the input impedance [1] [2]. It offers the
possibility of achieving the best noise performance of any architecture. That will describe in

following sub-section.

o\ (2-1)
SCgs ' Cgs
Zin=2"0ps (at resonant) (2-2)
Cgs

where Cgs is the gate-source capacitance and gm is the transconductance of the input
transistor M1.
This elegant equation shows that designer source inductance to achieve the required 500
resistance at resonant frequency and then tune the gate inductance to cancel the reactance part

of the input impedance.
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Fig 2.4 Consistently.below <15dB for 2.4~2.7GHz.

2.2.2 Noise model

I

inut2
amyas -
id’
GP

T

Fig 2.5 Small-signal model for LNA noise model

The noise model [3] [4] can be derived by analyzing the circuit shown in Fig 2.5. Rg is

the gate resistance of the NMOS device. The channel thermal noise of the device denotesid” .

The portion of the total gate noise with and without correlating the drain noise denote ig”,c

and ig”,u respectively. The noise factor is defined as

Total output noise

~ Total _output _noise _due to source

To evaluate the output noise based on driven by a 50Q source, the transconductance of

the input stage is computed first. With the output proportional to the voltage on Cgs, and

-6-
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noting that the input circuit takes the form of a series-resonant network

: gm @,
Gm = gmQin = = 2-4
gmQ @,Cgs(Rs +w,Ls) 2w,Rs -4
The output noise power density due to source Rs is
4kT o}
Sa,src (a)O) = S:rc (0)0) ’ Glfl,@ff = aCj)T LS (2-5)
g Rs(1+ L2
Rs
The output noise power density due to Rl and Rg can be expressed as
4kT(R,+R,)w;

Sa,Rl,Rg )= (& g) d (2-6)

Wl Rs*(1 L OrLsy
Rs

The noise power density associated with.the correlating portion of the gate noise to drain

noise can be expressed as

4kTyxgdO
Sa,id,ig,c (o )=KS, (@5)= Zcf 2-7)
i)
(1+ )
Rs
where
2 2 i
oa” | p ox
k=—"—|c[ +1- /— 2-8
5, c| I: |C|QL 5 :] (2-8)
w,(Ls+Lg) 1
= = 2-9
O Rs w,RsCgs (2-9)
o =" (2-10)
2d0

The power spectral density of un-correlating gate noise and drain noise is derived as

4kTyEgd0
Sa,ig,u (a)O) = gSa,[d (a)o) = % (2-1 1)
2
(1+—==)
Rs
2
where E= 55“ (1 —|c|2)(1 +0)) (2-12)
4

The noise contribution of the drain noise comes from the first device M1 proportional to

S,.4(®,) . Hence, it is convenient to define contribution of M1 as



4kTyygd0

Sa,M](a)O) = ZSa,id (@) = (2-13)
1+ a)TLs)2
S
oa’ o’ 3
where y=Kk+&=1-2[ +——1+0)) (2-14)
Sy Sy
Thus the modified noise factor of the device is shown as
Fors R Re L edors(2y (2-15)
R, Rs Wy
by factoring out Q,
gm 1 W,
d0Q, ==— = 2-16
8400, a woRsCgs aw,Rs ( )
The noise factor can be re-expressed as
R
Fots R, SO (0 2-17)

Rs Rs a QL a)T

The equations show'that y proportionaltoQ; . The noise factor is proportional to y over

Q, . Thus a minimum F exists for a particular @, .

2.2.3 Vgs selection for IIP3 and P-1dB

A MOSFET linearization;technique. [S]-based on optimum gate biasing is investigated
at RF. A novel bias circuit is proposed to generate the gate voltage for zero 3rd-order
nonlinearity of the MOSFET transconductance. A MOSFET can also be linearity by biasing

at a gate-source voltage (Vgs) at which the 3rd-order derivative of its dc transfer characteristic

is zero(y, ~0). One of the major drawbacks of this technique is that a significant IIP3

improvement occurs in a very narrow Vgs range (about 10-20mV) around the optimum
voltage and there are no known bias means to automatically generate this voltage. Therefore,
a bias circuit has to be manually tuned to this voltage, which makes IIP3 to vary significantly
with process and temperature variations.

Consider a common-source MOSFET biased in saturation. Its small-signal output
-8-



current(Fig 2.6) can be expanded into the following power series in terms of the small-signal

gate-source voltage vgs around the bias point [6]
id(Vgs) = gVgs+g,Vgs’ +g,Vgs’ +--- (2-18)
where g1 is the small-signal transconductance and the higher-order coefficients (g2, g3
etc.) define the strengths of the corresponding nonlinearities.

4

3

&

83

Apy =

(2-19)

The power series coefficients generally depend on the dc gate-source and drain-source

voltages, Ves and Vas.

oid
V.)=———
gl( GS) aVGS
1.0%id
& Ves)==—7% (2-20)
2 GS. 28VGS2
1 &%id
&Vad=——=
A v,

The results’ are presented.in Fig. 2.7."As can be seen,.in the transition region from

moderate to strong mversion, there is a Vgs at which- g, =0and 4,, =x.

G L7,
Z1 O ¢ OD
+
Vgs-- &V ng; &V
), N Cgs
l S~
. ———l -
S / 0, — @
= | o+o
| 20,20,

Fig 2.6 Small-signal nonlinear equivalent circuit of a common-source MOSFET
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Fig 2.7 gm2 vs Vgs(V, = 0)

— source

Fig 2.8 Source follower to output matching

S22 between 2.4~2.7GHz is consistently below -10dB as the output buffer suggests
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2.3 Gain control

The low noise amplifiers (LNA) should have low noise figures to increase sensitivity of
the receivers, and high linearity to prevent interference from undesired adjacent-channel
signals [7] [8]. To increase dynamic range of the receivers and to reduce linearity required of
the downconversion mixers, the LNA is required to provide variable gain. When the RF input
power is large, the gain of the LNA should be reduced.

The electric resistance based gain control dose produce a lower NF under high gain -
medium gain or low gain [9]. However, the complexity in mathematical calculations and
resistance shifts (maximum 20%) always.restrict/its design. Finally, another approach was
adopted out of consideration” for circuit stability,«namely current splitting [9]. Being a
straightforward approach, one-need only to adjust the size:.of MOSFET to determine medium
gain or low gain, yet a higher NF-is-expected due to change in current.

LNA gain can be controlled in discrete steps by current splitting as shown in Fig 2.9.
Transistors M1, M2, M3 and M4, form a common-emitter transconductance stage which

converts the RF input' power into-current. Transistor-M3 >'M4 form current switch.

Vdd
l

Output

Gain | : matching
control; ¥
: S_l“: RFout
: \
Vbias : : ‘
1l S b
Rhias -
RFin o i) =
Lg

Fig 2.9 LNA of Gain control circuit of current splitting. It was using current splitting design.

-1l -



This method has using current splitting to change gain step. But, it has high noise figure at

low gain mode.

In the high-gain mode (Fig 2.10 High gain mode Is1=I2) all output current of the

transconductance stage is injected into M2.

Vdd

Gain

controlg ; | 2 |
5 Ni2 Szl M3 M4 |
Vbias E _1“: | -I |: : | |

1 I i R .. N\ \
Rvias I & N
RFin :
O

Fig 2.10 High gain mode Is1=12
In middle-gain mode (Fig.2.11 Medium gain mode [s1+1s2=I2) the output currents of
M2 and M3 are dumped to the power supply. This reduces LNA gain. In medium-gain mode,
only output current of M3 is dumped to the power supply. In this gain-control scheme, the

gain steps between successive gain modes depend on the device size ratios of M2, M3.

-12 -



Gain :

contr0]§

Vbias :

11 i

Rbias
RFin | 1
O 00 1L M1 =
L v
£ [si 2

Fig 2.11 Medium-gain-mode.Is1+Is2=I2
In low-gain mode (Fig 2.12 Low,gain.mode Is2+[s3=I2) the output currents of M3 and
M4 are dumped to the/power-supply. This reduces, LINA ‘gain. In medium-gain mode, only
output current of M3'is'dumped to the power supply. In this gain-control scheme, the gain

steps between successive gain modes depend on the device size ratios of M2, M3 and M4.

Vdd
l
Gain --------------------------
controk
P sy
Vbias ; |:
1 S | n
l Rbias I.
RFin
o T
Lg

Fig 2.12 Low gain mode Is2+Is3=I2
A disadvantage of current-splitting is that the LNA has high noise figures in low-gain

modes. The noise figure of a circuit measures the degradation of signal-to-noise ratio (SNR)
-13 -



caused by the circuit. Dumping away some of the signal current decreases the signal power,
and hence degrades the noise figure by reducing the SNR at the LNA output. Another way to
view this noise-figure degradation phenomenon is that the input-referred noise voltage of M1
is amplified by an un-degenerated differential-pair transconductance stage formed by Ml, M2,
M3and M4. In some applications, little noise-figure degradation is allowed in the LNA low
gain modes. The reason is that the interference levels increase when the desired signal power
increases. To have large signal-to-noise- plus-interference ratio (SNIR), the noise figures of
the LNA in the low-gain modes should remain low to allow margin for handling interference.
The I1 and 12 is a current mirror. That support:L. NA a stable current source. Because, the gain
control circuit is a change current circuit. Base on current source, the LNA will be a stable

when using gain control function.

Table 2.1 Switch'table of gain control.

Control | High Gain® | Middle Gain | Low Gain
ST 1 1 0 118V
S2 0 1 1 0:0 V(gnd)
S3 0 0 1

The setting result can reference Fig 2.14 ~ Fig 2.15 ~ Fig 2.16

- 14 -




2.4 Tunable RLC Tank

The frequency tuning is achieved by the first order RLC tank, as show in Fig 2.13. Thus

we could derive the impedance as below. [10]

X

Zin

Fig 2.13 RLC tank. It was using varactor to change LC tank and change frequency range

apply to WLAN and WiMA

Zin(jw) =
= ® )
Ao )

= .1 — .w‘) +jao0C+jAa)C+l (- co(f:L )

jo, L jo,L R LC

1 - 1
= —+2jAij =

R " 4 2jAeC

R
R

E— (- RC=g

1+2jA0C @,
ELA (if R>w )

142,022

@,
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1
j2CAw

1N

( Cis varactor ) (2-21)

In this design, frequency tuning is achieved by a tunable LC tank at the output of the
common-gate transistor drain. This resonator consists of a fixed-value inductor and a MOS
varactor. To obtain frequency tuning from 2.45GHz to 2.6GHz, the value of the capacitance in
this work varies from 1.01pF to 1.34pF. The equivalent circuit model of the LC tank is add
show in Fig 2.12, including the gate-drain capacitor, Cgd2, of M2 (M3, M4). The resistors
R, and R standing for the parasitic of the inductor Ld and the varactor (Cvar),
respectively, degrade the quality factor of the resonator. The resonance frequency and the

quality factor are therefore determined. as

@, = ! (2-22)
\ Ld (ngZ éh Cvar)
R UR.
Q=—l (2-23)
o,L,
where
R,p =R, -(QL2 +£1)%, ch ~ R (Qc2 +1) (2-24)
w,L, 1
- e )\ L 225
QL Rls Qc wO Rcs Cva.r ( )

c dZJ_ Ld —Cvar
¢ _‘l‘_ Rls %RCS — ::ng2 ng §Rlp ::Cvar §ch

L

Fig 2.14 The LC tank transformation
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I__ =, &+ . — . imatching
Gain ' |

control

Vbias

Fig 2.15 Tunable RLC tank circuit of LNA

20.0 7 WiMAX:2.6GHz 2.6GHz
15.0 9/ “\_Vswitch:0 ———
: WLANZA5GHZ -~ | |
10.0 Vswitch:l ”
g 5.0 <
0.0 S
-5.0 \_\
-10.0 ~ / N
1 1.5 2 2.5 3 3.5 4 4.5 5
Frequency(GHz)
Fig 2.16 Fix L and tunning C
Table 2.2 Vswitch setting
Band frequency | Vswitch
1:18V
A 2.6GHz 0
0:0V(gnd)
B 2.45GHz 1

As suggested by Table 2.2, one needs only to change the voltage of Vswitch to change S21.
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Merging section2.3 and section2.4 a LNA circuit providing both gain control and
band-selection can be obtained. The simulated circuit suggests WLAN/ WiMAX can be
selected via Vswitch with gain control available. Table 2.3 shows the settings for gain control
and band-selection.

Table 2.3 Setting for gain control and band-selection

Frequency Gain | S1 | S2 | S3 | Vswitch
High 1|1 0]0 0

A~ 2.6GHz | Medium | 1 1 |0 0
Low 0 1 1 0
High ' 0 0 1

B~2.45GHz | Medium | 1 1 10 1
Low 0.1 1 1

Based on the setting in Table 2.3, simulation résult for WLAN.and WiMAX is obtained, as

presented in Fig 2:14 » Fig 2.15and Fig 2.16.

20.0 7

2.6GHz
— — 2.45GHz

15.0

10.0

ﬁ 5.0 ; <

0.0 —

5.0 -

-10.0 7/

1 1.5 2 2'5Frequenéy(GHz) 3.5

Fig 2.17 S21 High gain
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20.0 T

2.6GHz
— — 2.45GHz

15.0 \

10.0

-5.0

-10.0 - / >~

2.5 3 3.5
Frequency(GHz)

Fig 2.18 S21 Medium gain

0.0 \ \
2.6GHz
-5.0 P— — - 2.45GHz |
-10.0 -
-15.0 5
-20.0
#-25.0 /
-30.0
-35.0 \\ //
-40.0 \(
-45.0 v
-50.0 -

2.5 3 3.5
Frequency(GHz)

Fig.2.19.S21 Low gain

2.5 Simulation of LNA

Fig 2.17~2.20 presents three gain modes of WLAN and WiMAX in two band
frequencies. As shown in Fig 2.17, two band frequencies and three gain modes could be

obtained based on the settings in Table 2.3.
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20.0 - _High gain
10.0 — ~ S ™ Mediunrgaim
0.0
s K\x\
-10.0 > ——
§ - ~__ gain
;; -20.0 N — —

130.0 \ / —
40.0 I —26GHz —
-50.0 — - —2.45GHz |—
-60.0 -

1 1.5 2 2.5 3 3.5 4 4.5 5

Frequency(GHz)

Fig:2.20 Gain control of WLANand WiMAX of S21
Plotted against three gammodes of WEAN and WiMAX in two band frequencies , S11

is consistently below -10dB aspresented in Fig 2.18.

0.0

-5.0 \ /
\ -
//

_ -10.0 N
= /
= \\\\Ix / /
- \ \/ /)
1) \

-15.0 / 2.6GHz

oo \/ — - ~2.45GHz

-25.0 - |

1 1.5 2 4 4.5 5

2.5 3 3.5
Frequency(GHZz)

Fig 2.21 WLAN and WiMAX of S11.

Fig 2.19 is an output buffer matching based on output buffer, consistently below -10dB.
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-11.0

-13.0

-15.0

S22(dB)

L
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o

-19.0

—2.6GHz |

— -~ 2.45GHz|

-21.0

-23.0 -

1.5

2

2'IS*“I‘equenéy( GHz) 3.3

Fig2:22 WLAN ‘and WiMAX of S22.

It could be found from Fig2.20 low gain mode incurs a considerable NF adopting the

gain control approach of current splitting.

30.0 T Y o
/ / 2.6GHz
25.0 AN — - 245GHz
\ -
\ //
20.0 \ < —
. \\ \\A ,/ _..-» Low gain
/M N\ \ = B
2 15.0 \\\ AN <= \ T
\ \ . . .
10.0 N : —5 Medium gain
. \\\\ : A—:—;‘ -
5.0 S —
;_/:ﬁ " »
” High gain
0.0 -
1 1.5 2 2'5Frequengy(GHz) 3.5 4 4.5 5

Fig 2.23 WLAN and WiMAX of NF.

Table 2.4 Presents the LNA simulation results, which suggests the two band frequencies
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provide similar results based on Vswitch.

Table 2.4 Simulation results of WLAN and WiMAX

WiMAX WILAN
Simulation
High gain [ Medium gain | Low gain |High gain|Medium gain|Low gain
Technology 0.18um CMOS Standard
vdd 1.8V
S21 17.4 13 -6.6 17.4 12.5 -7.1
S11 -15 -19.7 -21 -14.6 -15 -16.3
S22 -15 -15 -15 -15 -15 -15
NF 2.6 4.3 I ¥ 2.5 4.3 18.1
P1dB -22 =16 -3 -21.5 -15.5 -3.5
1IP3 -12.4 -5.8 L.6 =12:1 -6.9 1.1
Power
comsumption b
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Chapter 3

Active notch filter design

3.1 Introduction

The primary requirements for LNA, gain control and band-selection, have been met in
Chapter 2. As a further step, LNA will be so designed as to produce either WLAN or WiMAX
signals or. BPF (Band Pass Filter) is the most widely used filter, as well as an ideal one being
able to remove noise while retain signal. The disadvantage is that high-order filter, for which
the circuit is too complicated to design, is needed when two bands are two close to one
another. The target set for this study, rendering band-selection applicable to either S21 or
filter, might fail to be met.

Notch filter [11] is"adopted out of consideration for.the above mentioned issues, since
the notch filter used in.three-order circuit could produce both Wz and Wp as suggested by
simulation. Wz prowvides a low-impedance filter (ideally 0€) which removes noise frequencies,
while Wp provides a high impedance filter (ideally 0€2) which clear up the influence of noise
on wanted frequencies. The most competitive advantage provided by notch filter is that a
smooth curve could be obtained even with third-order circuit, yet third- or fifth-order circuit is

necessary to achiéve similar result withBPF [12] [13].

The condition wp (signal)> @, ' (fejection) [14] could mostly be satisfied as

suggested in the retrievable:literature, which provides considerable references. However, the

requirements for notch filter are only partially met. Thus another condition @, (signal) < @,

(rejection) has to be taken into consideration. In addition to fully meet the two conditions,

@, (signal)> @, (rejection)and @, (signal) <@, (rejection), the two circuits should be

merged into one with switching circuit incorporated to equip notch filter with band-selection.
Uncertainties and errors in process are also considered, for example, effects from PCB power
line

Thus a varactor is fitted to notch filter circuit for correction. Previous notch filter was
commonly used as an IR filter (Image rejection filter), yet it first acts as an adjacent frequency
filter in this study. Thus its impedance matching, negative impedance circuit and power
supply, as well as the circuit itself need to be considered. Basically, the circuit of notch filter

should satistfy the following conditions:
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1 A | Z notch (a)rejection )|>| ZCG (a)signal )l

| Z notch ( a)rejection )|<| Z CcG ( wsignal )l

As presented in Fig 3.1
2 ~ adaptable notch frequency.
3 ~ a 10dB difference between it and S21.

4 ~ providing a good Q with the negative impedance

Vdd
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3.2 Notch filter

3.2.1 Series notch filter

O—T00™

1
ik

Fig 3:2:Series notch filter

Zin

= A\ D% (Support one zero pole) (3-1)

NV C

Wanted frequency is liable~to be subjected to.interference since only a single Wz is
available, though first-order notch filter [15] produces good results. The reason for that may
be attributed to inappropriate Wz design. for first-order circuit. Thus third order notch filter is
selected instead, providing mainly Wp and Wz. According /to mathematical calculations, the

filtered noise would mot interferc with the-wanted frequency whether Wp>Wz or Wp<Wz

3.2.2 Third order notch filter: ‘@, (signal)> @, (rejection)

The third-order active notch filter is based on a series LC resonator (section 3.2.1) that

resonates at the image frequency. Fig 3-4 is the third notch filter circuit design, which

provides @,> @, [16][17].
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§—l I
HINES

Fig 3.3 (a) Schematic of the IR LNA with the third-order notch filter.

(b) The filter’s equivalent circuit including the series resistance
of the on-chip inductor only.
Originally, C1 was a DC block, yet through simulation and mathematical derivation, it
was found that change in C1 might produce the same results as a high-order filter does under

ideal conditions.( similar to a rectangular filter), (3-2) is mathematical derivation.

Z,(S)=—+ SL||—
SC, SC,
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1

SL-——
1 SC,
= +
5C SL+ b
SC,
1 S

= —+ 3
SC, 1+ S°LC,

1+ 82L(C, +Cy)
SC,-(1+SLC,) (3-2)
So
bt 1

Pole point: s (3-3)

LG

§ 1
Zero point: | @,,.= W (3-4)

1 P

Where Wp>Wz (3-5)

From (3-3) ~ (3-4),.Wp(signal) and Wz(rejection) can be obtained respectively. Wp is
codetermined by L and €2, offering a high impedance, which enables the wanted frequency
falling on Wp to ensure signal integrity. Wz is determined together by L ~ C1 and C2, offering
a low impedance, which enables the wanted frequency falling on low impedance.

At the image frequency, the impedance looking into the filter can be reduced to zero
such that the entire image signal will be extracted from the original path, whereas at the
wanted frequency, the input impedance of the proposed filter is maximized. Therefore, the
loss of the wanted signal can be avoided. The ability of Wz depends on the difference of
impedance between the filter and the original LNA at the image frequency. The larger the

difference is, the higher the Wz can be obtained.
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The filter can provide low impedance at the image frequency and high impedance at
thewanted frequency. This filter is designed not only to reject the image signal, but also to
remove the effect of the parasitic capacitance in the signal path of cascade amplifier. Thus, by
providing high and low impedance at the wanted and image signals, the filter archives Wz and
good noise performance at the same time. However, the major drawback of this filer comes
from the quality of the on-chip inductor that affects the overall quality factor of the filter.

Fig 3.4 shows Wz generates a low impedance to remove noise frequency while Wp
generates a high impedance to retain WiMAX band. Yet Wp and Wz can be infinitely close to
each other though Wp is always greater than Wz, Likewise two advantages could be inferred
from (3-3) and (3-4):

1 ~ Change in C1 will never affect WiIMAX band.

2 ~ Remarkable sharp cutoffmight be achieved.

G000.0 Inlz =t
iEe W —
00,0 : :p Znotch
2 WiIMAX band
4000.0
S 30000 :
] ]
i | :
0.0 \ :
1000.0 E
M \\E_
l:l.l::l T T '.l - T T T T 1
1 o Z 25 07 3 35 4 4.5 5
Frequency(GHz)

Fig 3.4 Wp>Wz Znotch vs WiIMAX band

In typical CMOS technology, the quality factor of the on-chip inductor is dominated by the
series resistance. By neglecting all the parasitic components, except the series resistance of
the on-chip inductor, the equivalent circuit of only the filter can now be represented as shown

in Fig. 3.3(b), where is the series resistance. Also assume that only the quality factor of the
-08 -



filter at the image frequency is of most interest at this moment; the quality factor of filter is

given by Quality factor of filter

( L] )1/2
C +C,
R (3-6)

L

0=

Filter performance is largely dependent on Q value. However, Q value is usually
damped by parasitics from passive components In (3-6), Q value of the circuit is constrained
by Rr. To bring up Q, a cross-coupling circuit (section 3-3) is fitted.

3.2.3 Third order notch filter: @, (signal) <@, (rejection)

The constraint ¢ondition for WiMAZX has béen met inssection3.2.2. Yet one more issue
need to be addressed, that is how-to meet the condition for WLAN. Considering the result of
section3.2.2, whether Wp<Wz can satisfy the constraint condition for WLAN need to be
determined. Noreircuit constrained by condition Wp<Wz hastever been reported based on
retrievable literature. Thus, 'a new Circuit'has to'be designed so as to meet Wp<Wz.. Yet the
new circuit can not differ too much from Wp>Wz circuit, since such a circuit is too
complicated to design. Therefore,thea.new.design should be developed based on improving
the design in Fig 3.3 (a). Thus the difference between the two circuits could be narrowed and
the circuits could be merged afterwards to spare some component.

If L2 is fitted in Fig 3.3 (a) to turn C1 into a DC block, Wp<Wz could be satisfied, as

shown in Fig 3.5
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(@)

L1
O—Tm
A%Lz — C2
Z1n X \&

(®)
Fig 3.5/(a) Schematic of thedR LNA with the third=erder notch filter.

(b) The filter’s equivalent circuit including:the series resistance

of the en-chip mductor only.

_ SL,+SL, +S°LL,C,
1+ S°L,C,

_SIS*LL,C, + (L +L,)] )
1+S%L,C,

So
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1

Pole point: @, = (3-8)
L,C,

1
Z int: @O, = F——— 3-9
ero poin AR (3-9)

where
Wp<Wz
Equation (3-8) and (3-9) are derived (3-7). Wp is still generated by L2 and C2, while
Wz is generated by (L1|[L2) and C2. Therefore, Wp will never be less than Wz. Likewise,
once L1 is determined, Wz can be adjusted. Such method is identical to section 3.2.2; Wp and

Wz are again used to generate a sharp cutoff filter.

It could be observed from Fig 3.6 thatt Wz generate a low impedance to pass noise
frequency, Yet the highsimpedance from Wp “ean retain WLAN band. Wp and Wz can
infinitely approach each other. with. Wp being never greater than Wz. Likewise, such a design
provides two advantages which-can-be inferred from Equation (3-8) and (3-9).

1 ~ Change'in C1 will never affect WLAN-band.

2 ~ Providing a very sharp cutoff filter.
Similarly, out of concern for Q‘value of the circuit.as a whole, a cross-coupling circuit is

integrated.

20000 ey wew

1800.0 :

1600.0

1400.0

12000
S 1000.0 ]
& 8000 -

600.0

400.0 i ~
200.0 T

T e T e

1 1.5 2 54 25 3 3.5 4 4.5 5
’ Frequency(GHz)

Znotch
WLAN band

Fig 3.6 Wp <Wz Znotch vs WLAN band
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3.3 Cross-coupling circuit

As an important parameter for a filter, Q value determines filter performance. Based on
the circuit in section3.2, to bring up Q value damped by parasites, a cross-coupling circuit is
introduced.

Negative impedance is utilized to enhance Q value of the circuit. Fig 3.7 shows a
cross-coupling circuit of differential [18] [19], which is changed to single mode since single

mode circuit is used in this study.

Zin
Q o)
O
:I><I: |_) Req J|-' Ceq
Zin O
(a) (b)

Fig 3.7 (a) Cross-coupling circuit'of differential

(b) Equivalent circuit
Zin=R,, UC,

__2Z (differential circuit) (3-10)
am

Fig 3.8 is the single mode Cross-coupling. Originally the circuit of differential has a
double-ended voltage 2V [+V-(-V)], current I, --> double-ended impedance Zin=-2/gm. If -V
end is changed to AC GND (connected to VDD) the double-ended voltage turns V [V-0]

while the current is invariant.
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--> double-ended ( single-ended ) impedance is Zin = b . (3-11)

am
In fact, the GND rather than the circuit impedance has changed.
Zin
4

0o

<
GND
N -
Current
? source

Fig 3.8 single mode Cross=coupling

Cross-coupling: circuit provides a good negative impedance circuit, yet it is found
during simulation._that the electric current needed under different frequencies is variable.
Therefore, two power supply sources<are<available for selection through S6 and S7. Thus

different power supply can be gencrated:

Vnm

HIZ | F
I_

]
. S6 4|:qu|— s7

—

Fig 3.9 Current source of Notch filter
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3.4 Active notch filter

Through the circuit design in section3.2 and 3.3, Fig 3.10 may be obtained. However,
section3.2.2 and 3.2.3 must be merged as a prerequisite, which offers two benefits :

1 ~ It could be inferred that the most significant differences between the two circuits lies in
that section 3.2.3 is equipped with DC block and L1. Apart from that, they have the same
components. Thus if switching is integrated into the design, selection function might be
available.

2 ~ Varactor is replaced with C2, which is used to modulate the filter so as to accommodate

uncertainties or other variables in process.

V R Vnm
DC block 2 OCGHZ 1 X ng
Bl Gl = H. F
O VCd
I I / € e | [
~ 245GHz ¢ . -I 1 < I_
o

Notch S I_S7

filter |

Vtune
J—

T Notch curr
— ent_mirror

Fig 3.10 Active notch filter

For the active notch filter four-phase switching is adopted. To reduce control lines of
pin 0~ 1, a CMOS inverter design is introduced. Thus the originally expected four control lines

are reduced to a single one, greatly mitigate the complexity in control.
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Vldd

P Y

Control
S5~ S6 T COIItI'Ol
ANNN—t—.
° pin

Fig 3.11 CMOS inverter

Table 3.1 Active notch filter switch setting

Notch Frequency Control pin
1
0
[ __}
Table 3.1 is the s setting for-ac ‘?‘ . is the circuit (Wp<Wz) of
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Chapter 4

Dual-band LNA and Active notch filter with Measurement

4.1 Dual-band LNA and Active notch filter

Fig 4.1 shows a complete Dual-band LNA with Active notch filter. Firstly, wanted
frequency (WLAN or WiMAX) for S21 is determined via a Vswitch, then filter frequency is
identified through Control pin 0 or 1. Output wave of WLAN or WiMAX could be produced
after such settings, and band selection is achieved: Frequency band is selected based on the
setting in Table 4.1.

Vawitch

dd vdd
1K tank
vdd _T %
ik
| RFout
81 82 93 R
Current] _I -I -I I:
mirror Cutput
Tath b ffer
B! T VR Vnm
= |_ | |
- 54 g
RFin % —l_ Vdd
o — 1 b
g5 )
WNaotch | |
filter -
= ['] sl Tl o

Viune |

otch_current rmirro

CMOS inverter

Fig 4.1 Dual-band LNA with Active notch filter
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Table 4.1 shows the controls lines needed. The simplification in control lines offers further
ease of operation.

Table 4.1 Dual-band LNA with Active notch filter setting

Frequency Gain S1 S2 S3 Vswitch | Control pin
High 1 0 0 0 1
A~2.60GHz | Medium 1 1 0 0 1
Low 0 1 1 0 1
High 1 0 0 1 0
B-~245GHz| Medium 1 1 0 1 0
Low 0 1 1 1 0

4.2 Measurement

Fig 4.2 shows the comparisons between'LNA simulation, ENA notch filter simulation,
LNA notch filtermeasurement andWiMAX signal. It could be.found from the comparisons
that notch filter do provide significant filter performance. Band frequency could be selected
through the setting in Table4.1. Filter width-falls‘short of expectations due to design aspects,
yet it entails further studies. In LNA notch filter measurement a 400MHz shift in frequency
as a whole it is found. The reasonufor that-is attributed to the design defects in varactor
resulting from using the outdated process data. Further more, as prescribed, when Vtune=0.2v

notch frequency corresponds to 2.45GHz, yet Vtune has to be raised up to 0.7v for 2.45GHz.
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20.0 7 - LNA_notch filter_simulation
— LNA_simulation
15.0 — - LNA_notch filter_measurement
--------- Ideal WiMAX signal
10.0 W
\\’
S 50 =
0.0 S
-5.0 -
-10.0 - - S
1 1.5 2 2.5 3 3.5 4 4.5 5
Frequency(GHz)

Fig 4.2 simulation-and-measurement of WiMAX

Fig 4.3 shows.the adjustments in-Vtune after measurement. Initially notch frequency
corresponds to 2.45GHz when-Vtune=0.2v..Due-to uncertainties in process, the measured
notch frequency is:2.53GHz. To bright notch frequency back t0'2.45GHz, Vtune voltage is
raised up to 0.7v. Where o is the filter frequency width, the greater o better performance, yet

it’s narrowed down to 100MHz in range.

12.0
7

—_
o) o
(=) o
|
—
a—
//
I

— S21(0.7V)

— S21(0.2V)

S$21(Vtune)
o
B 2 ¢

~
o
[
—
[

0.0 U

-2.0

-4.0

2.3 2.35 2.4 2.45 2.5 2.55 2.6 2.65 2.7 2.75 2.8
Frequency(GHz)

Fig 4.3 Voltage adjustment of Vtune
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Fig 4.4 shows the comparisons between LNA simulation, LNA notch filter simulation,
LNA notch filter measurement, WiLAN signal. It could be found from the comparisons that
notch filter do provide significant filter performance. Band frequency could be selected
through the setting in Table4.1. Filter width falls short of expectations due to design aspects,
yet it entails further studies. In LNA notch filter measurement a 400MHz shift in frequency
as a whole is found. The reason for that is the same as that for Fig 4.2. Further more, as
prescribed, when Vtune=1.3v notch frequency corresponds to 2.6GHz, yet Vtune has to be
raised up to 1.8v for 2.6GHz. The reason for that can be attributed to the narrow frequency

range which restricts Vtune from reaching the expected frequency.

20.0 — - - LNA_notch filter_simulation
— LNA_simulation

15.0 — ~ LNA_notch filter_measurement

100 T—m——————————HF g Tdeal-WHEAN-stgnal
& 5.0
0.0
-5.0
/
0.0 T Tt e
1 1.5 2 2.5 3 3.5 4 4.5 5
Frequency(GHz)

Fig4.4 simulation and measurement of WLAN

Fig 4.5 shows the adjustments in Vtune after measurement. Initially notch frequency
corresponds to 2.6GHz when Vtune=1.3v. Due to uncertainties in process, the measured notch
frequency is 2.72GHz. To bright notch frequency back to 2.6GHz, Vtune voltage is raised up
to 1.8v, yet only 2.65GHz is reached. Where a is the filter frequency width, the greater o

better performance, yet it’s narrowed down to 100MHz in range.
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S21(Vtune)

18.0

16.0

14.0
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— - S21(1.3V)

2.3

2.35
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Frequency(GHz)

2.7 2.75

2.8

Fig 4.6 presents the available frequency range for notchfilter

Fig 4.5 Adjustment voltage of Vtune

Frequency(GHz)

29
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Wimax
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Vtune

Fig 4.6 Vtune vs frequency of notch filter
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4.3 Inm (notch current) vs Notch Q value

In this chapter, a parameter /\ is defined at first,
/\= center frequency — notch frequency. 4-1)
/\ the greater the better filter performance
From Fig 4.7 it could be found A\=12.62(2.6GHz)-1.59(2.45GHz)=11.03. While the
magnitude of Inm(Fig 4.1) is closely correlated with /\. It could be inferred from Fig 4.7,
when Inm=525uA, Notch filter acquires an optimal Q value. /\ goes down with decreasing
Inm. However, if Inm is too large, for example, Inm=545uA, notch filter might vibrate to

generate a peak value.

18.0

16.0

14.0

120 /J
o s21(525uA
\
\
0
\
\

=4
=3

$21(Vtune)

g
o

o
=3

—— S21(485uA)

-~
o

1

|

1

|

1

1

!

1

!
\ | : A Normal curretn)|
1V 1 — S21(505uA)

[

1

|

|

X — ~S21(465uA)

1

|

1

— S21(545uA)

20

0.0
23 235 24 245 25 2.55 26 2.65 2.7 275 28

Frequency(GHz)

Fig 4.7 Inm (notch current) vs Notch filter Q value of WIMAX

It could be found from Fig 4.5 notch frequency could only reach 2.65GHz due to process
discrepancies and uncertainties. Thus, /\=13.2(2.45GHz)-2.6(2.65GHz) =10.6. (Fig 4.8).

Likewise, either Q value or /\ goes down with Inm, yet a peak value is observed at 830uA.

-41 -



18.0
13.0 X =
::; ‘ i ——S21(B04uA ||
- A e
: — — ~S21(768uA)
X —— S21(745uA)
: — ~S21(830uA)
30 :
A
20
23 2.35 24 245 25 2.55 26 2.65 21 275 28
Frequency(GHz)
Fig 4.8 Inm'(notch current) vs Notch'Q.wvalue of WLAN
4.4 Measurement
WIMAX signal
Fig 49 Three gain'modes, high gain; medium gain and low gain
High
15.0 \ T — ~Medium
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Fig 4.9 S21 measurement
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Fig 4.10 shows a peak value at A caused by the passed frequency by notch filter. Thus a

significantly high NF can be observed at 2.45GHz

50.0 - i High
45.0 / \\\ —— — Medium
40.0 : _ Low
35.0
30.0
%25.0 ~/ \
20.0 N f AT
10.0
0.0 -
1 1.5 2 2.5 3 3.5 4 4.5 5
Frequency(GHz)
Fig 4.10 NF measurement
Fig 4.11 shows all measurementsfor.S1lare below «10dB:
High
-2.0 —— ~Medium
— - ~Low
N4
120 |
Z \\V /
-17.0 \\\//
-22.0 \/
-27.0 -
1 1.5 2 2.5 3 3.5 4 4.5 5
Frequency(GHz)

Fig 4.11 S11 measurement
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20.0 — High
—— — Medium
10.0 — - —Low
0.0
-10.0
§ /W
-20.0
-30.0
-40.0
-50.0 -
1 1.5 2 2.5 3 3.5 4 4.5 5
Frequency(GHz)

Fig 4.12 S22 measurement

It can be observed from Fig 4.13, impedance matching: close to50Q in simulation
measured over 50€Q, as shown in Fig 4.13a. The reason for the might be that the section in

PCB layer at RF is so long that parasites incurred affects the/ measurements.

MWeasurement
—%—  Simulation

freq (1.000GHz to 5.000GHz)

Fig 4.13 Smith chart
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WLAN signal

Fig 4.14 shows the three gain modes, high gain, medium gain and low gain

High
15.0 T T T — -Medium
— - ~Low
5.0 |
-5.0 )
: |
“-15.0
25.0 \
35.0 \
45.0 - -
1 1.5 2 2.5 3 3.5 4 4.5 5
Frequency(GHz)

Fig 4.14 S21 measurement

Fig 4.15 shows a peak value at Avis'caused by the passed frequency by notch filter. Thus

a significantly high NF can:be observed at 2.65GHz

High

50.0 A |
/ \ —— — Medium

45.0 :
40.0 / :
35.0 /
30.0

225.0
20.0 - /

15.0 B

10.0 \
i It

1 1.5 2 2.5 3 3.5 4 4.5 5
Frequency(GHZz)

— - —Low

RN g

I~

Fig 4.15 NF measurement

- 45 -



Fig 4.11 shows all measurements for S1lare below -10dB.

S11

0.0

High
—— ~ Medium
— - ~Low

-5.0

-10.0

N
y

-15.0

W

-20.0

-25.0 -

I
2.5 3 3.5

Frequency(GHZz)

1.5 2

4.5 5

Fig 4.16 S11 measurement

20.0 ~

10.0

— High
— — Medum
— - —Low

0.0

N—lO.O

2

-20.0

-30.0

-40.0

-50.0 -

1.5 2 2.5 3 3.5
Frequency(GHz)

4

4.5 5

Fig 4.17 S22 measurement
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It can be observed from Fig 4.18, impedance matching close to50Q2 in simulation
measured over 500, as shown in Fig 4.18b the reason for that might be that the section in

PCB layer at RF is so long that parasites incurred affects the measurements.

Weasurement
—v—  Simulation

freq (1.000GHz to 5.000GHz)

Fig 448 S11 smith chart
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4.5 Compare Simulation and Measurement

Table 4.2 presents a significant difference between measurement and simulation due to

the discrepancies in outdated process data. Initially, circuit adjustment is taken into account

for active notch filter out of consideration for frequency shift. However, S21 adjustment is

neglected so that S21 value of WLAN (Fig 4.4) and WiMAX (Fig 4.2) caused gain

degradation due to frequency shift (Fig 4.2).

Table 4.2 Compare Simulation and Measurement

WiMAX
LNA withnetch filter LNA with notch filter ) .
measurement simulation ENA simulation
Highw|Medium}-—-Low High |Medium|  Low High |[Medium| Low
gain gain gain gain gain gain gain gain gain
Parameter 0.18um CMOS Standard
Vdd 1.8V
S21 12.62 8.5 -15 169 11.6 =8 20 13 -6.6
S11 -7.83 93 -9.531 -16.4 -19.7 < p-17.2 | -15 -19.7 21
S22 -12.181  -12.3 -12.2 1 -13.7 <1451 -13.7 | -15 -15 -15
NF 4.1 4.89 23.15| 2.87 38 16.2 | 2.6 43 17.7
P1dB -11 9.5 -4.571-27.5 -16 -3 -22 -16 -3
11P3 -4.9 2.4 -1.3 1 -17.9 -5.7 6 |-124 -5.8 1.6
AN 11.03 9.34 2.1 15 12.6 11.7 NA
Power
comsumption 13.8mW 13.7mW 13.86mW
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WLAN
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LNA with notch filter LNA with notch filter ) .
. . LNA simulation
measurement simulation
High [Medium| Low High |Medium| Low High |[Medium| Low
gain gain gain gain gain gain gain gain gain
Parameter 0.18um CMOS Standard
vdd 1.8V
S21 13.2 8.9 -16.2] 16.1 11.6 -53 119.2 12.5 -7.1
S11 -10.5 -12.4 -13.7] -15.8 -14.1 -11.7 | -14.6 -15 -16
S22 -12.9 -13.8 -13 | -13.8 -146 | -13.8 ] -15 -15 -15
NF 4.1 5.02 24.7 2.8 3.9 16.7 | 2.5 43 18.1
P1dB -11 -8.5 -55 | 275 -15.5 -3 |-21.5] -155 -3.5
11P3 -3.8 -2.3 -1.7 -18 -6.9 6 |-12.1 -6.9 1.1
JAN 10.6 8.4 6.2 13.9 9’3 6.5 NA
Power
_ 13.8mW 13.7mW 13.86mW
comsumption
Ref [11] [16] [17]
Vdd - 1.8 1.5
S21 - 11.8 12
S11 -18 -17.8 -35
S22 -20 -10.7 -
NF 1.5 4.95 2.4
P1dB -16 -12 -
11P3 - - -12.5
8.25 50
VAN 20 ( (10.5~11.1
1.25-1.49 S~11.
(4.25 GHz)
GHz) GHz)
Power
. 12 1 1TmW 22mW
consumption




Microphotograph of Chip

890um

V_im

1210um

Fig 4.18 Microphotograph of LNA with active notch filter
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Chapter 5

Conclusion and future work

Though comparing the measurements with simulation, a 400MHz shift toward higher
frequency is found. The reason for the discrepancy is that outdated process is used in design
but never cross-validated with Specter RF finally, and thus the part of design for varactor is
somewhat out of place while the part for notch filter can still meet expectations due to Vtune
voltage adjustment. The design in this study falls of expectation in two aspects: (1) the
difference between filtered frequency and wanted frequency should be greater than 30dB, yet
the measured /\ is only, 10dB. Therefore, more studies are needed in this aspect. (2) o (Fig
4.3) is to small to_filter out noise frequency completely: Thus noise frequency might still
interfere with theswanted frequency. Therefore, the above two: points must be stressed in

future studies.
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