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ABSTRACT
A Design of NB-IoT Dual Band CMOS Low Noise

Amplifier with Variable Gain

Jageon Koo
Department of Electronics and Information Engineering

Chonbuk National University

Since RFIC CMOS technology is a good candidate among the circuit

miniaturization methods, a research study on the implementation of
RF Front-end circuits using CMOS technology is essential. In this
paper presents the design of NB-IoT dual band CMOS low noise
amplifier with variable gain. Proposed low noise amplifier is designed
to the inverter-based resistive feedback amplifier and multiple gate
technic is appled for high linearity. Also, variable gain amplifier is
design with cascode amplifier and current steeling circuit is applied
for the varied the gain. The proposed circuit was implemented in the
TSMC 0.18 RF CMOS process. The circuit size is 400 x 260 zm?
without the bonding pad. The measurement results shown that the
gain, gain step, and noise figure are 17 dB, 2 dB, and less than 2
dB, respectively, at the operating frequency of 729 ~ 960 and 1805
~ 2170 Mhz. In the range of 729 ~ 960 MHz at the low band, the
output P1dB and OIP3 are 11 dBm and 16 dBm, respectively. In the
range of 1805 ~ 2170 Mhz at the high band the output P1dB and
OIP3 are 7 dBm and 14 dBm, respectively.

Keywords : CMOS integrated circuits, low noise

amplifier, variable gain amplifier.
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H-E Monolithic Microwave Integrated Circuit (MMIC) T+ RF
Integrated Circuit (RFIC)Z &3t AF7F &3] o] Fojxa ¢)

[1]-[5]. ol&fgk Fd AdFoA= @Ee 3 A4 (Noise Figure)E 87
sty 32 AA 9 Fe AFeE ZEl~ 324 (Friis’s equation)ol] o s Al A
e FF7d vE F s BA "oH6] =g NB-IoTd oA A&
715 =2 Z=(Sensitivity) & 47] f181A =2 9]

7FA AL glofof gkt

amplifier filter mixer filter amplifier mixer  fiter

DAC |-
Antenna
L
o ) Digital
%:I baseband
Duplexer
ADC L=
Low RF RF IF Variable IF Baseband
nolse  filter  mixer  fiter gain mixer  filter
amplifier amplifier
RFMW front-end F analog BB analog/digital
a9 12 FA 52 $420 Aze,

Fig. 1.2 Block diagram of RF transceiver system.
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T A S5l Al =g A ’\}ﬁﬂ‘ﬂﬂb 7= AA FATEe A
e TH71e FAFY AHFFH 7] (Power Amphﬁer)i s 5 Auh
o]Fol A Faldel AFE A= ARS X7 AS M Fad 54

o ge FeAs oty REATE ol Axdo} N B

99 N7l BaehA Bohd, Aeh ool FrbHelA s ey

A zoltt, olHd /AT AE o FSHE(SNR: Signal to noise
ration) S 7FA AL AAES & 5 IHH6]

_ Signal Power

SNE = Noise Power @1)

SNRol@ 415 ol e &S oulahs A uolu, of Hzi} Az

[e)

< A&7 deta U 33 Aol oy "W e &3 SNR2 ¢
2 SNRET} &4 ZrolxAl #r) o 7|4 &2 SNR o] ¢35 SNRE H]
Z YehA 53\ o] AE Noise Factordt &8 A =}

SNR,

Noise Factor (F) = NR (2.2)

out

o 714 3k Noise Factors o] A& ¢l ZZ 7| E 18 7FA A H A w
AA 32 ME 1B 2 S 7FA 9, Noise Factors dB #o = 3k
< oA HW ol ALS s A (Noise Figure)ebil &t}

2

SNR.
Noise Figure (NF) = 10logF= 10log SNRm (2.3)

out
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22 I EHA FE WEZ (Memory) Fite FAITHH 329
dEH FH WAe SAEE 7T ke ol55 7R FF 7] o
g V7t 35 A Eubd oo 22 Ao w2 el 4 gt

V =kV (2.5)

S (2.6)

9 94 % B4 nesA @3

g 545 AR &e 32 gaiAe Al WA g
o]
2R

A 1 E g 4 Qo
V, =k V,tk 7‘2‘H€3 ¢3 (2.7)
ol J¥ NEE V= Acosw it} 7FASTHH 2 Q27) o 2ol

V, = ky(Acoswyt)+ ky(Acoswt)’ + ky(Acosw, t)’ (2.8)
1 1 1
= EkQA 24 (klA + %k?,A 3)cosw1t + EkQA *cos2w,t+ Zk3A Scosdw,t

2l (28)5 &3l 1-tone AS7t FFH 7] Q17FE A Evt¥ 1-tone F3F
T A ANE7t Rty = AMES & Ak k7 24 S 7HA
A G0 282 A 9 gAY dET fHASH HERE o5 A
¥ AM-to-AM SAolet & F Utk 3 g AV]d mE 99
A 5o ®igel= s & 7 Aded o3> AM-to-PM 542
T dew FAo% Yehu vE3 2o

180  do,
7 d(10logP,,)

b

off

(2.9)
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g WAHE B4 A= 2Ese Ao pe
VZ.ZA(coswlt-f—COSu)Qt)QJ NEE A7MeHA HH 9 Ase ta 2o
x2d &+ U

2 2 9, 43 9, 43
V, = ky A+ ky A% cos(w; — w, )t + Ry A+ kg A% Jeosw b+ |k A+ -k A coswyt
3 ] 3 .
+ Zk:gA ? cos(2w; —wy )t + ZkSA ? c0s (2w, — wy )t + Ky A% cos(w; +w,)t
Lo 2 L, 42 3. 43
+§k2A cos2w,t + 51{:214 cos2wyt + Zk3A cos(2w; +w, )t
3 1 1

+ Zk3A ’ cos (2w, +w, )t + Zk?’A ? cos3w,t + Zk?’A % cos3

ol Ae FHAM 20, 2wy, 3wy, 3wl ABVF o= e FA 5
AL FIHH O R w) Fwy, 20w, 2w, w0 BAEEC] Hee AL & F
At o]yt HAES EWx Al E(Intermodulation distortion: IMD) ©] ™,
A S AladedA I Aol S FA Ak olYd =8 AR
L dE %7 g 2y o9rlE FaA T AAE &
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2. 3 CMOS MOSFETY #& =24

CMOSE o] &3 A%S FZ7] AAE 317 &A= MOSFETS %
2d FB2Mo] o]Fojxof st} CMOSo|A A& ¥ o] x]3= MOSFET¢]
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A thol Q=9 A A [ 93 Ak o] = (Shot noise)

AA B Z2AA ] Aol = 1 29H] ofg o] 7HF Wol HAs}

MOSFET®] AlelE(Gate)ol Hstel ZelA H™ MOSFET® Psubel
AW AAEe] AR £E 5 Qb B AYe G4 5 ax
sdglel AT A 2e A9, Ade 22 Ager A @ F 4

A 13

A
kool A% Ade FE2 221003 Zo] #d & & Utk

iy =4k Ty, (2.10)

&

s FAAA ARGl ¥ EobxA Tk ARAo=E A TE A
of ollsl Hm, e AFE AN FAAE AL o F mAF
o i 7 7 AdelA A7 o2 A% 4 FA Axtstelo}
gk},
13:4kT“22W2 / V”Qf(v)dv (2.11)
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W: MOSFET®] channel width,

L: MOSFET?®] channel length,

1 Effective chaneel mobility,

Ips =8 22 AF

Q09 AL &I 2ol 58 & F Uk
Q,(x)=C,, (Vyg— Vilx)— Viz))

Cox A01E9} 2F3teH(Oxide) Abole] w9 A A Bl 2,
Vi xA el &8 A

Nx: Ad Hst

2

(2.12)

T3k MOSFETY &2 94382 linear region (Vps<Vas—Vr), saturation

point (Vps=Vas—Vr), L8] 2 saturation region (Vps>Ves-Vp) &2 Us 5
¢l o saturation regionolA1¢] MOSFET®S %5 21L& tug3 o] %

d g ok

w

2 2
= 4kt§MQ)¢T( VGS_ VT): 4kT§gm

2 MOSFETY transconductance

sil— =

0 Ly L
1% 2.2 MOSFET®9] 4.
Fig. 2.2 Channel of MOSFET.
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i5 = 4ktvg,, (2.14)
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(1) Common-Source LNA

a9 232 common-source AFS TE7]9 32E P 2AE U B
dolt}. dEte 50 Q AL 317 YA o)A S} B o=
HE 2~ e VeV, 208 whEstojof ok g He sty 94l
M AlolE drdto] JIYHE Agste] TS a4,

1 B 13 1 _i 9 1
=R +](wC;5 oL )— R 50 at wj Z.C. (2.16)
Fd AFE s fsiAE AolE <kde] 50 Q AFES AE-se A
AT A A0 ol AF ——> e, @n e
sh
Y +jwC ! 1 (2.17)
" R@h e o2 Rsh 50 '

= ek wo = Alo]Eol AFE3st A @ MOSFETO &3
ar2 A oz AXS £ Qu FHe wds  ¥3}Hs
common-source A#&L ZZ7)9 IREE 18 249 o] T T

At o] FHZEES ol gl g AFZ AMA WY vhe 2ol

op

(a) (b)
Y 23 3% A2 AR TE7] QIR (b) 221%E 57 E.

Fig. 2.3 Common source LNA: (a)schematic and (b)small signal

model.



2
.2 ® 9m

s Zom

Zu,.'

Shunt #3te] 93t gF&&

_ 2

2 = ZTL

0,sh™ "sh B
(GS + G’h)

S

olv, MOSFET®l| 2|3 #&

rlo
v
o
i)
UM
rlo
i
o
fr
i
o,
e
N
E

|
|
3L
S|
I

a8 24 BE Ax AFS Z=Z)e @S md

Fig. 2.4 Noise model of common source LNA.

_12_



= 7HA A

R4

s A

el A 7

Gsho] q

o HoAATH G

FAow, AolE

S

KeX
=

g

s

noiseless= 7}

KR
T

2

2 A

_q]

b4 ekt 919 HomRE A%

S

o a1y

2719 noise factor<

KeN
=1

(2.18)

G, 4
—94
ngRS

9m

2+ 4y

F:

B
22

(2.19)

- ngL

R@h
R+R,

o ngL

A=

M

Common-source A &L =

oV
o
e

0
Tr

o

ojn

)
N
NJo
ojn

NA

™
o

4

_13_



(2) Shunt-Shunt Feedback LNA

a9 25+ shunt A A 53%7]19 Jzr 2
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Fule AR s (149, 8)/(Re+R)> wC 7MW

ATV Ry > Ry By > Byyg,fp > 1012 A48, Azke 55719 2
& AFE e el AN A & gtk

R
L & D
Cos OmVgs
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Fig. 2.5 Shunt-shunt feedback LNA: (a)schematic and (b)small signal

model.
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(3) Common—-Gate LNA
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Fig. 2.6 Common-Gate LNA: (a)schematic and (b)small signal model.

_16_



(]

—_—
TS
RSk
i ~

)
s

o Horhd Fzel e A

TR

fvze)

s
i

o

(2.22)

F>14+~

(2.23)

9 m RL

A:

Ho

ol
ol
ToR

vzl

T

o

B

—
o

il
)A

o

N

+
ol

o
7ol

—
fIfe)

Fig. 2.7 Noise model of common—-Gate LNA.

_17_



(4) Inductor Degeneration LNA
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Fig. 2.9 Source degeneration LNA with gate inductor.
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YUY 5 AZe SE719 S AFE kA =,
vi d— ZdRL i?lx Ak TG, A
=GR v;=4kTRAf
F qe ASE,
2 2 1
Felt—=—tt i+ (2.24)
”z Q12n g?rLRLQ ngs QZ"
59 o5& et gol Bd F + AUtk
A=—G R, (2.25)
Qe F¥ AL FZ709 A5 AU 9Y 4TS AR ofF F
e qe A5E Hm Yor g del AgEHoAE ARE FE7]0]
o gk 2o JFe5AFE A s AdAE JYEHY Q-AFE 1
2% solof g}
I 21 AR %719 v
Table. 2.1 Comparison of low noise amplifier.
Zin F5ogg Gain NF
Common R, o4 4y B 9, | 10
source o I L2 2 dB
Common 4.7
Gate g i Imte dB
Feedback — | 1+ 1+ — 9,
e o 1 +g’mRL RF ngs ) ng.s g g dB
Inductor
nducto gL, . 1 o L8
SOLII”CG. C;]s Rs an m™ YL dB
degeneration
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Fig. 3.1 Source degeneration LNA.



12
9]

@ °
2 3
2
[} 0
B 4
2 -3
Q o] —a—S511
2 ] —e— 521

e ——NF

-15 : : . | . : :

1.8 2.1 24 2.7 3.0
Frequency (GHz)
(a)
NI A
& i ] /
¥
£
P s
.’-/, -~ Pomm = “fPORT 1"

(b)
a9 32 22 FH A %719 (a)S-parameter ¢ (b) IIP3 54,

Fig. 3.2 Source degeneration LNA simulation results: (a)S—parameters
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_22_



ot
of
X
)
Il
2
24_‘
o
o|N
e
N
rir
it
o

152 97 gEths B £A@

ok wEbe 71E9 FE Alo]lE =9 o MOSFETE cascode EHE|=
=t

—
a9 33 & AoE Axts 37

Fig. 3.3 Common gate LNA.

9]
— 6 #
g_ 3 A X & i o4 4 4 2 —~ 7__,7-'//(_-
s g
g ] fus -~
LA P
g —=—s11l4 2
0w o] —e— S21 ) / ez
-12—"*’.—.\'\_/—,&— NF R Tr—
18 z1 24 27 3.0
Frequency (GHz) = > — - -
(a) (b)
a9 34 % ACE AZE 7Y (a)S-parameter ¢+ (b) IIP3
=2,

Fig. 3.4 Common source LNA simulation results: (a)S—parameters
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Fig. 3.5 Shunt-shunt feedback LNA.

ETTERTD-

12 ] o —
9 1 o .
L?‘(.__:_._‘\ | Em

% 3] PO W S R

et '

s .3l J

2 ®n

E o

[

= 9]

g .1 —a—S11

(] —e—S21
15 ——NF i
-8 . = g=

T
1.8 21 24 27 3.0

Frequency (GHz)

(a) S

719 3.6 Shunt-shunt feedbakc # &2 S%7]2] (a)S-parameter <}
(b) IIP3 EA.

Fig. 3.6 Shunt-shunt feedback LNA simulation results:
(a)S—parameters and (b)IIP3.

_24_



3. 2. Altd AFZS FF7]

293.7& inverter 7X2 ARES Z=EZ 7)ot} 7]Ee BEAHE AR
Z7)9] A9 MOSFET®] shUZ o]Fojx glomz 2R3 & o528 1
A ek o]l AAJTHTI-[10]. AT I E Fx2 A S5
AAEA FAohA AF AR (Current reuse) A S AFEEHA Ho

1l
S
%

g =2 O]ET% 7].7\1 2= o]dr o 3} _—'q]-(:gl, ﬂig E‘FSH =

SRk olWE FZoAe EdAAGE A= NMOSS Ed~7gE A~
o} PMOSS] Ediz ACE 2 go
29 Ade TF719 49 o=

L

INPUT OUTPUT
. MA °

ey

a9 37 AWE TR AZS ZE.

R
o
nt

Fig. 3.7 Low noise amplifier based on inverer.

_25_



_ 1+G’mRL_ 1

where GM' = Y9mn + gmp

" Rpt R, 50
T3k QoA & Gy #= 7FAAL JIME X9 AR
52 a0 59 tew 2ol BAS & 4 At
=3 ARE $E709 A FaA HE 4% 3 st
b QW Txe 4GS FEI Y e AFE FHHoE
o3 2ol xdd & Uk
1 2 1 ?
NF=1+ + el —
R, (3GM R,G?, )( f"{ R +R,;

a9 38 Atshs Agts SF7 2R

Fig. 3.8 Schematic of proposed LNA.

_26_

(3.2)



T

19 39 gEACE 3o 22 94,
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Fig. 3.12 Variable gain amplifier with variable resistor.
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Fig. 3.21 S21 characteristics of proposed VGA(1lstage).
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Fig. 3.23 Linearity characteristic of proposed VGA.
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Fig. 3.24 S21 simulation of proposed variable gain LNA.
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F 41 Atk 3z o5 SAAFI t).

Table 4.1 Gain characteristic of proposed circuit(Low band).

Freq. 729-960 Gain Step 729-960 Gain Step
G.C [MHz] Mea. Mea. [MHz] Sim. Sim.
111 [dB] 18.01 19.15
110 [dB] 16.26 1.75 17.39 1.76
101 [dB] 13.94 2.32 15.07 2.32
100 [dB] 12.32 1.62 13.45 1.62
011 [dB] 10.11 2.21 11.76 1.69
010 [dB] 8.43 1.68 10.2 1.56
001 [dB] 6.11 2.32 8.26 1.94
000 [dB] 4.56 1.55 6.77 1.49
F 4.2 Algtsks R4 o5 SA LTI do).
Table 4.1 Gain characteristic of proposed circuit(High band).
Freq. 1.8-2.17 Gain Step 1.8-2.17 Gain Step
G.C [GHz] Mea. Mea. [GHz] Sim. Sim.
111 [dB] 17.24 18.30
110 [dB] 15.26 1.98 16.42 1.88
101 [dB] 12.45 2.81 13.68 2.74
100 [dB] 10.58 1.87 11.82 1.86
011 [dB] 8.60 1.98 8.11 3.71
010 [dB] 6.68 1.92 6.52 1.59
001 [dB] 4.60 2.08 4.30 2.22
000 [dB] 2.80 1.8 2.81 1.49
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i 4.3 Actsl= 3ol 54 4.

Table 4.3 Summarize characteristic of proposed circuit.

880 MHz 1900 MHz
N.F [dB] 1.67 1.72
Output Pigg [dBm] 11 7
OIP3 [dBm] 16 14
Ppc [mW] 7.8 7.8

Table 4.4 Performances comparison with conventional researches.

344 71 =EE9Y 3= vl

£ BW AGain Gmax OIP3 Input N.F
fet [GHz] | [GHzl | [dB] [dB] | [dBml | P1dB | [dB]
[14] 5.2 15 8 20 - -15 35
[15] 9.00 4 20 125 - 0 -
[16] 3.50 <1 16 7 - -10 7
[17] 25 0.8 45 47 5.3 32 0.81
This 0.84 0.24 16 18 16 7 1.67

work 1.98 0.37 16 17.2 14 10 172
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