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Abstract
The Low-Noise Amplifier (LNA) is the first and thémportant building block in a

radiofrequency (RF) receiver since it must leaddigmal from a receiving antenna at a level that
can be properly addressed by the down-conversmntacture without adding noise.

This paper describes a modified LNA architectuneUtira-Wide Band (UWB) applications
using a cascade inductive source degenerationdgpollhe proposed architecture was designed
using CMOS 65 nm technology to operate in a bresaduency band from 0.8 GHz to 2.4 GHz
which includes a large number of standards andpgphications. The designed UWB LNA shows a
14.35 dB power gain with a noise figure of 1.4 dB power consumption of 29 mW, a 1-dB
compression point ranging from -5 to 3 dBm, a IB8ging from 5 to 14 dBm, and an input return
loss below -10 dBm.

Keywords
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1. Introduction
CMOS LNAs are slowly replacing GaAs and bipolarcaits, due to rapidly improving

CMOS technology that benefits greatly from tramsisticaling. The source-degenerated transistor
topology is widely used in numerous designs ofdabgnd LNAs and also has applications in
mixers and voltage-controlled oscillators (VCOSs).

In the second part of this work, we deal, in gehénductive degeneration of LNA but in the

third section we introduce an input filter while imaining a broadband (Figure 5) and we
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eventually interpreted source noises and how tomige over several papers including the most
recent like [8] which decreased the noise taking iatcount a certain capacity nodal Cx
representing all parasitic capacitances betweetwbdransistors cascade. As against in our work,
we chose an output resonant filter with inductoostly very low values to reduce further the noise.
The fourth part, by the Figure 10, we proposedldi architecture using two filters and the
transistors with sizes appropriate to have a higimsconductance and possibly gain still at
reasonable level while ensuring a minimum of na@k®g our frequency range 0.8 GHz to 2.42
GHz.

2. Review of the LNA architectures using inductive source
degeneration topology

The LNAs are classified into four categories. Traeg defined by the type of the input
impedance showed at the input building block. ludéke compromise between the noise figure
and the gain is essentially resolved by matchinglNé input. Figure 1 shows various LNA

topologies commonly encountered in the bibliografdjy2].
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-0
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m

(d) Inductively
degenerated common-
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Figure 1: Different topologies of LNAs.

In this paper, a LNA architecture using inductiveise degeneration topology is proposed
and designed. As has been illustrated in severaliqations [3.4.7.8.9.], this architecture using
inductive source degeneration gives a perfect nragctvithout adding noise to the system and
without imposing any restrictions on thg gonductance. This perfect matching can be obtdnyed

using two inductors: the source inductgdnd the gate inductorglas shown in Figure 2.
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Figure 2: LNA architecture using inductive source degenenratipology

From Figure 2, the input impedance of the LNA ifresd by Z, = E (2)

e
By replacing the transistor Moy its equivalent small signal circuit and takimgo account
the no quasi-static resistor of the gate transisierobtained equivalent circuit is showrFigure 3:

Lg

Y T

o

ve —=— Zin T Cgs
J RYngs 3 OB gs
=0

Ls

0
Figure 3: Equivalent circuit of LNA taking into account th%gnqs resistor

In our frequency range a small signal analysis mesnappropriate while neglecting thgsC
capacitor of the transistor this gives:

. . 1 . . .
Ve:JLg(*)'e+jC Cl)le+Rgane+1L5w(|e+gmvgs) (2)

gs

1

1 . :
as:Vy=——i.then: Z, = Ju)(Lg +LS)+ 3)

- +w;L,+R
gs J gs

Ings

where w, = I
Coe
At the resonant frequency, the capacitive effeatcels the inductive effect; the input

impedance can be given by:

Zin (wR) = Req = wTLs +R (4)

Ings
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where: ar = is the resonance frequency. In fact, the L.C rasmnimproves the

1
\/(Lg +Ls/Cys

gain of the LNA. Then, as can be shown at the imgfuhe circuit (figure 3), the quality factor is
given by: Q= _t (5)
CgszReq
At the resonance frequency, the voltage magnitedesaC, is Q multiplied by the voltage

across the input, which has the effect of increptie effective transconductancg & the circuit:
Gm=Q.0n (6)
Typically this Q factor reduces the noise returbgdhe input while increasing the gain. But
the biggest handicap of this topology remainspigliaation narrowband and bad isolation.
In Figure 4, a cascode stage is added to redutetbe interaction between the input and
output and the reverse gain (form output to th&ipprhis reduction has the effect of increasing th

stability of the amplifier [2].

? vdd

J Vout
Vcas '
—
M2
Zin
Rs v Lg
| Ve E
o AN N\’\/\—|
Vs L M1

Figure 4: LNA using a cascode inductive source degeneratipalogy

Moreover, the cascode topology reduces the effettteocapacitorC , of M; by presenting a

low-impedance at the drain ofMThe output inductot., is chosen to resonate at the frequency of

the input signal with the output capacitor.
By using this topology, we could have a wider arsifreother frequency response by aligning

the resonance at the input with that of the outwhich also has the effect of achieving a high gain



Modelling, Measurement and Control Vol. 83 | 1542010
A General Physics and Electrical Applications

3. Theoretical study of the proposed UWB LNA

In the literature, a large number of the LNA arebitires are narrowband and are optimized
to work for a single frequency [17], [18], [19],dR [21]. In the proposed architecture, as shown in
Figure 5, an extension of the inductive source degaion topology is adopted to achieve a broad

frequency band matching impedance.

. #Iout
Zin
Rs L, C, | Ve Lg |
o AN _ = = = YY) ” YY) P |E
Vs L l M1
| |
Wt Lo WE oo
Ls%
o ~o o o

Figure 5: UWB LNA with an inductive source degeneration tamy

The equation (3) can be written:

+gmLs=Wﬂ+ 1

Zinzjaj-t-'- - -
jaC; G JaC

+R ™

where =G +Cy , L=Lg+Ls andR; = Q%LS the capacitor ghas been added to increase

t
the degree of freedom of the system, this coulceames the total capacity between the gate and the
source of M.

By combining L , G et Z, (Figure 5), the architecture will be equivalent, sil®wn in
Figure 6, to a passband filter with a output logd R

To ensure the design of an UWB LNA and to faciitdte implementation of inductors, a
compromise must be made between the choice of uh#er of LC elements and the values of
inductors [3], [4].
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Figure 6: Input building block of the LNA
3.1 Gain calculation

The gain of the cascode LNA in Figure 4 is equaltite multiplication product of the
amplification due to the transistor;Mnd that produced by the transistoy. M

The transistor Mis mounted on a common base, known by the amatifin ofi. Then,

m

this topology makes a good impedance matching t@Q,56 gain is given by:
Av,, = 9m,,ZLload,, (8)
The transfer function of the filter in Figure 6 is

V
TFon(ia) =1, ©)
n

Therefore the input current, is:
. Y/
ijn = Tpr(Jw)-ﬁ (10)

The voltage Vgs of Mcan be found directly by multiplying the currepthy the impedance
across the source-gate ofi:M

in _ VinTFpb(ja)

Vgs =~ : (11)
Bojus jeRG
Using the equation (6), the effective transcondumeof M, is given by:
. Vgs _ 9my,,-TFpb(j @)
G, (1) = O, > = —1_P (12)

Vin JaRr G
At the resonance frequency, the Q factor of theudirin figure 6 is similar to that found in
equation (5):
1
CrarR

Q= (13)
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then‘Gli‘ = Om,,, Q{TFpu(j @) (14)

The advantage of this circuit is its effective saonductance which is depended to the quality
factor Q, which will allow to increase its value.

The voltage amplification of Mis:

A, = ~Cm,,,Lload,,, (15)

However, M is mounted on a common base, therefdig,q,,, = represents its input

My 2
impedance. So the voltage amplification of the LoBscode is:
A=A A __Cm, Z then :
T VM1t Vmz2 T Im ‘Omy, ,-“loady , » '
M 2
As = =Gm,,,Zioad,,, (16)

3.2 Noise analysis

In this topology, two types of noise may persisie @omes from the quality factor of the
input network, and the other comes from both thie gaurce noise and the drain source noise of
M;. To study the effect of noise coming from the trstes, we will follow an analysis similar to
that made in reference [3].

The input transistor with source degenerationuigiclg its gate and drain noises are shown in
Figure 7.a. These two sources of noise, as showigure 7.b, may be replaced by a voltage source

and a current source at the input:

A

Y

|
©

1 | M1 " cl F
n® o] r® “1]

M1

(b) —

(a) = -0

Figure 7: Models of noise in transistor Mvith source degeneration
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These sources have expressions like:

in =ing +&ind andvp = jalging + (L_ Lscth)ln_d = nd jab dn
Om m 9m

Their spectral densities can be given by:

_ _ 2

C
iﬁd = 4KgT pgqoAf andir%g =4KgTo 59d?)s Af correlated with a coefficient:
ingin
c=-_ngnd . -0.395j with gqq is the drain-source conductance g ¥0V.

NESER
The value of the technological parameters typically 2 to 3, because of heating due ® th
intense electric field in short channels of CMO&h#istors.
0 = 2y is the noisy coefficient of the gate.
Indeed, there is a correlation between the noisergéor current and voltage thus:
in =Ic + iy, Where ¢ is the correlated part with,and j, is the correlated part with, ithen:
ic=YcVn , Ycis the admittance of correlation.

However, the noise figure is given [5]:

2

- i2+i +Yyv \
= = (17)
IS
With is and Ysare respectively the current and the admittans®ofce. Thus:
E+|iu+(YS+YC)Vn|2 ?+|YS+YC|2E

F = — =1+ — (18)
.2 0 2
i § I's

This last expression shows that the noise is cabgethree independent sources whose

resistance and the admittances defined by:

2 .2 .2

i i
=N Gg,=—Y  andG.=—S . 19
Rn = 4K BTAf u 4K BTAf S 4K BTAf (19)

Gy +Ye YRy _ , Gy +[G + G + (Be + BPR,

20
G G, (20)

(18) and (19) imply F =1+

where Y. = G + ] B and Y= Gst jBs. To design an optimal source which allows to geteetize
minimum of noise, it is important to derive the atjan (20) according to its conductancga@d its
susceptance "reactance" Bs and to put the derevagivero, the optimal values are the following:
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Bs = —B¢ = Bopt

[2.G (21)
Gs = Gg +—% =Gopy
R, p

This gives a minimum of noiseFj, =1+ 2Rn(Gopt +GC).

If we replace this in the general equation (200hefnoise, we get:

F=Fu, +(;ﬁ[(es ~Goptf + (Bs - Bopt)z] (22)

The expression (22) is a circle of centepGBopy) and radius%(F - Fmin), When F tends

towards its minimum, this circle coincides with tbenter, but when the noise source generates a
variable factor F, it will have a contour whichnis longer a circle but a conical.
N L Cgs o Im :
In the case of our circuit and considering=——=, Y =.|— and a =—— (considerable
Ci Sy ddo

factor for the short channels), the admittanceoofatation between,iand v and is: [3]

_ I _ . _ JCtC!)
Y.=-%=G, + jB. = 23
c vi c * J-Bc 1+|qan _LthZ (23)
1+2|dpay + 0°a®x? >
Gopt = \/GCZ +% = \/& , in references [6] and [7] a similar calculatgives:
.Gk ddpor+ o) 3
opt — 2 ( )
pax+/1-|c
—_p = Ciaw
Bopt = BC ] wz ] 1+|C|pa)( (25)
> 1+2dpay + p?a®x?
2 2.2.2
asG, _a gdo.(1+2|c|pa)(+p a’y ) andRy = 7%ggs .
y_(pzaz)(z(l_MZD y.C a)ztl+ 2dpay +p*a‘y )

Like in reference [4] the optimal source which wjénerate less noise must verifies the
following relation LSC[a)2 =1

N P(a)

Then: F(w) =1+
GRs Ry Im,,, R

i (26)
a
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2 2.2 2
an(l_Mj 22 2 2.2
1+2|c|pa,\/+p2a2)(2 + Ct(u2£L+ 2dpax + pax ) (27)

In fact, such analysis was made only fof But the cascode stage generates also a noise

Where P(w) =

source which is due to the "presence" of a par&kial capacitor Cat the drain of M[8]. In our
proposed design which uses a CMOS 65 nm technokbgynoise due to,Ccan be neglected

compared to the noise of the amplifier stage basel, .

4. Design of the proposed UWB LNA (0.8-2.4 GHz)

The proposed UWB LNA design, using a cascade imgeisburce degeneration topology, is
shown in Figure 8. This modified architecture carmgaa second order passband filter at the input.
This passband filter allows achieving the desirestjdency band with inductors whose values
below 7 nH which permits to reach a stable gaire modified architecture includes also a bias

circuit which can be demonstrated thereafter.

I_
-
O
=
Il
M
Py,
>

0—|E M2

Zin
o—1 2888 +— < M1
Vin L — — l lE

—
[N
/YY)
@)
|
1

Figure 8: UWB LNA with a second order passband filter
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The transistor Mis designed so as to have a hi_q;,hMlto ensure a satisfactory amplification

with a minimal noise, while the transistor, Mepresents a point of a low impedance to minirtee
effect of the capacitor gand to increase the isolation of the circuit.

The output of the circuit is a parallel RLC shouk&sonate, as we will see in paragraph

(§4.2.c ), at a high frequency than the maximum ofukeful frequency band. The choice of this

circuit as output network to replace the "shuntkpeg method [7] comes from the reasonable
value of inductance in the band 0.8-2.4GHz.

4.1. Design of the input building block (passbantllter)

Figure 9 shows the passband filter which uses poles.

Zin Zin
t
| l YA I
L - — L — — Lg+Ls
L ZR
Ll Cl T
T =
=0

Figure 9: Equivalent circuit of the input passband filter
The calculation of the transfer function of sudiitar gives:

&L 2
VRT _ 1C[p

(28)
Ve LlclLtctp{chtLCﬁL“C‘j (q+Lq+R”°‘] (chlejpﬂ

Veis the voltage across the source which has annimagistor R = 5@ and p = ¢ is the

Laplace operator.
The equation (28) can be expressed by:

w 2

“ 5 (29)
%.p4+2'#).p3+ 2+{ij .p2+2.A—w.p+1
af uf «f | b 2

Wy is the central frequency of the filter afd is the passband of the filter (difference betwien

FTon(p) =

high and low cutoff frequencies).

11
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By identification, we can obtain the system of doures (30) which will allow calculating the

elements of the filter.

LOLG = (302)
2%}

RTCtL C_|_+ LlLtCt 4 (30b)

2]
2
LGy + LG, + Rr"lct &g [%‘)} (30.¢) (30)
L A_"’ 30.d
RrC; + = 2.6‘g (30.d)
2

RrLiG :[Aw} (30.e)

R |af

(30.c) - (30.e)= LiC+LGC = i consideringL{C ;G =1 then:

2 oy
uq=uQ=i% (31)
By substituting (31) in (30.b), we get:
L_,Ac

RG+ R =2 2 (32)
(32) and (30.e) imply:

Aa
%q—i— (33)

2

We have three equations (31), (32) and (33) liyaadependent and five unknown, a choice
must be made to set two unknowns and thereforetfiedvalues of others. Indeed, the values-of R

and R (the source resistor) have been set tQ,5Bis could achieve a good impedance matching.

What gives:
L, = 649nH Ci = 26pF .
and considering Ly = Lg +Ls and C; =Cp +Cgys
L; = 497nH C, = 199pF

L
Rr is equal toM then :

12
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|_S = RT_C[ (34)

Iy,

To set the values of Ls and Cp, we have configtinedsize of the transistor M1 in order to

deduce the values 6™ and Cgs .
4.2. Sizes of Mand M,
a. Transistor M;
Considering the useful frequency band (0.8 GHz4- GHz) and the technology adopted
(CMOS 65nm), we can write:

9Imy,

ip1 = Tl(Vgsi _VT) (35)
Where p; is the current drain of Mand 4 is its threshold voltage conduction.
W
9m,,, = HnCox T(Vgsi _VT) (36)

Where @y is the surface capacitor of the gate-channel gfjMis the mobility of carriers; L and
W are respectively the gate length and the chamikth of the M transistor.
From the reference [10] and by considering the CM&3Snm technology with a voltage

supply Vbp equals to 1.8 V, we can havg; = 0.0218n%/V.s andCoy = 186x10 *°F / zm?.

The current g, is fixed equal to 16 mA to minimize the power camgdion lower than a
threshold of 30 mW.
To minimize the variation effect of Maccording to the temperature, a series of sinarati

have been realized. The result is that, for a dffee of potential y; — Vr approximately equal to

0.16 V the quotient% is sufficiently higher. This gives, from relatio(85), a suitable

transconductancgli which is roughly equal to 200 mA/V.

By replacing the value ogli in (36) we obtain.VTv =308277.

By considering L = 0.1 pm this givé¥ = 3082 um.

CgSl = %'COX W.L then Qslz 0.382 pF

Cp = G — Cys1= 2.22 pF. From equation (34) £ 650 pF, then 4= L; — Ls = 4.32 nH.
b. Transistor M

The size of the transistorMhas been chosen equal to that aftblimprove its isolation and
ensure the stability of the circuit while minimigithe effect of capacitordg

13
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c. Design of the output building block

In the relation (16)Zjgaq,,, is @ RLC parallel circuit, as illustrated on Figu8, its

components must be sized according to the total @fahe circuit.

ZloadMz = LLFI)_ (37)
L.C..p° +EL.p+1
2
42 _ L .P 1
® = A=-On, T \7e TFpu(P) (38)
37) L.CL.p®+ =.p+1 P
R_
: _ Omy,Ls . . _
Knowing that Ry = —¥*— then the total gain \Awrites as:
L 1
A=t TFon(P) (39)

LS LLCL'p2 +||;t.p+1

Ls is set equal to 4.32 nH, to increase the gajnwe can adjust the value of lbut an
excessive value may deteriorate the frequency rsgpof the gain. This may occur if the cutoff
frequency of the lowpass filter, produced by theCRtarallel circuit, becomes lower than the high
cutoff frequency of the passband filter.

A compromise must be made, a cutoff pulsatignof the RLC network roughly equal to

3 GHz has been choosing. Then:

1
L|_C|_ =—=

& (40)
L_2¢
RO @&

where( is the damping coefficient which must be less théh to ensure a resonance at the
cutoff frequency. We have considering that 2.1 and R = 50Q to ensure a perfect impedance
matching. Then:

L.=2.65nH and C=1.06 pF.

4.3. Full schematic of the proposed UWB LNA

In figure 10, the bias circuit is a current mircascode, with transistorsyMand My, identical
to those of the LNA.

14
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RF

Vcas IE M2
RFE L, C2 Lg
) WE M1
T
Ll C1::

Figure 10: Full schematic of the circuit (LNA and the biascaiit)

o out

The values of the components founded, by theotetiakulation, don't really reach the

performance needed. Indeed, the power gain is b&®adB and the matching at the input is above

than -10 dB.
After several simulations, optimal results are fdamd illustrated in Table 1.
Li(nH) | G(pF) | LynH) | Ls(pH) | G(pF) | GdpF) | Lu(nH) | G(pF) | RU(Q)
Theoretical | 649 | 1.99| 432| 650 222 0.38 265 1.06 50
value
Adjusted | 497 2 | 4277 700| 1.678 0.38 4 1 350
value

Table 1 : Theoretical and adjusted values of input and dugpthe LNA network

For the isolation of RF signal and the circuit, @ tircuit has been added at the input of the

passband filter which has the same values; asd. G in order to not affect the transfer function of

the input filter.

The table 2 shows a performance comparison withebiglts obtained in recent publications.

15
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Gmax [IP3 ICP Puiss
Paper Tech S11[dB] [dB] B[GHZz] N.F[dB] [dBm] [dBm] [MW]
0.18um
[11] CMOS <-10 17.8 2.413.3 3.56 -13 -17 39.6
[12] TCS'\ﬂ?no'l <-10 175 |08610.96| 4.1 54143 | -45 15.5
0.18um
[13] CMOS <-8.7 13.1 3.112.2 2.74.9 -- -- 13.9
90 nm
[14] CMOS -10 14.6 <5.5 - - 24
0.13um
[15] CMOS -15 12 8.8 - - 54
[16] 65nm -16.84 10.02 8.68 -- -- 18.5
This 65 nm R R
Work CMOS <-10 14.35 0.8r.4 14 5al4 -5a3 29

Table 2: Comparison of the UWB LNA performance with recenblications

5. Design results and discussions

5.1 Gain of the UWB LNA
The figure 11 shows the gain versus the input feegy for various input powers ranging

from -40 dBm to -5 dBm. It is shown that the gaasfa form similar to a passband filter amplified

by approximately 14.35 dB.

Y1
14,5

14‘0_:
13‘5_:
13‘0_:
12‘5_:

12,0

T Values

11,5

11,0

10,5 f

10,0

9.5 |
(S

1
Ciy 79w [~
.'w—--—-—ql.oc

Gain (dB)

0

11,6457

Frequency (GHz)

1.%8 l
FUMD_1 -}

i.86

Q.BG

2.6

G

[C2: 2.40000G {dx = 1,B0ZZ}G>

Figure 11: Gain versus frequency for different values of thev@oinput
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5.2 Non-linearity of the UWB LNA

As has been shown, the gain decreases dependititeanput power. This can explain the

non-linearity of the system illustrated by figudgsand 13.

Figure 12 shows that the compression of the gamesofrom the saturation of the output

power.

The 1-dB compression point (for which the gain dases by 1 dB compared to its maximum

value) is located at 1.6 GHz around an input poweghly equal to O dBm.

i1

14, (21 T3, 52551

Gain (dB)

13,5
13,0-
2 12,5_-
19,0

1,5

di = 29,615957
dy = 1,01015

Input Power

4

12,85367

(dBm)

-26,1775]
=

-40,10308
S

Output Power (dBm)

Input Power (dBm)

12,31832

10,5715

\

0

[C2: -0,27174 {dx = 33,72

Figure 12: Gain and output power versus input power
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To illustrate the behavior of the 1-dB compresspomt. Different 1-dB compression points

have been simulated for various frequencies. Toaltieare shown in figure 13.

i

- 1-dB compression poititiBm) ! ;

IPctdB
T
i

Frequency (GHz)

|
3

Freguence

Figure 13: 1-dB compression point versus frequency

Then, the 1-dB compression point (ICP) does npedd exclusively on the input RF power
but also on the RF frequency. For our frequencged0.8 GHz, 2.4 GHz], the ICP varies between
-3 and 3 dBm.

Figure 14 shows both the 3rd order interception #ed3rd intermodulation points versus

frequency for different values of the input power.
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Figure 14: 1IP3 and IM3 versus frequency
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From these results, a very good linearity valuesghmeen achieved. This shows the high level
of linearity of this designed UWB LNA.

5.3 S parameters

These parameters give an idea in term of both #ie @f the circuit (&) and insertion loss

between the input and the output ports of the tircu

As illustrated in Figure 15, the;Sand $; parameters are simulated for frequencies ranging
from 0.6 to 2.6 GHz and for input powers rangirgir-40 dBm to 0 dBm
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Figure 15: S;; and $; parameters versus frequency

It is shown that the ;pparameter is largely below -10 dB for all frequescin the band and
for input powers below-10 dBm. However, thg [garameter, which reflects the performance of the
system in terms of gain, is above 11 dB.

5.4 Noise

Figure 16 shows the noise figure of the UWB LNA iotlee frequency band from 0.6 to 2.6

GHz with various input power values ranging frord ¢Bm to -10 dBm.
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Figure 16: Noise figure versus frequency

It is shown that the noise figure is roughly thensdor different values of input power, only
for -10 dBm an unusual peak is observed for 1.4 @elguency. Typically for low-frequencies the
1/f noise is dominant, however, for the medium fiexacies a minimum noise is obtained. But the
noise increases slowly when the frequency increasesigh frequencies show much noise than in
the previous band but it still satisfactory beca(tﬁ%g»)z << 1 over the frequency band studied.

Finally, we have found that a low noise is obtaitledugh a large g a large { involves a

largea. What is in conformity with the noise analysis madearagraph 3.

5. Conclusion

A modified LNA architecture for UWB applications idoeen studied and designed using
CMOS 65 nm technology. The proposed architectues ascascade inductive source degeneration
topology and could operate in a broad frequencydldamm 0.8 GHz to 2.4 GHz. The obtained
results of this design show good performances. dddéhis circuit shows a good gain, a 1-dB
compression point and a 3-order interception peény large over the frequency band of operation
which justifies the excellent linearity of this tdpgy. The designed UWB LNA shows a noise
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figure equals to 1.4 dB and a good isolation lowain -10 dB with an acceptable power

consumption which not exceeds 29 mW.
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