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Abstract: According to the theories of optimal noise match and optimal power match, a method for calculating the

optimal source impedance of low noise amplifier (ILNA) is proposed based on the input reflection coefficient S;.

Moreover, with the help of Smith chart, the calculation process is detailed, and the trade-off between the lowest

noise figure and the maximum power gain is obtained during the design of LNA input impedance matching net-

work. Based on the Chart 0. 35-um CMOS process, a traditional cascode LNA circuit is designed and manufac-

tured. Simulation and experimental results have a good agreement with the theoretical analysis, thus proving the

correctness of theoretical analysis and the feasibility of the method.
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INTRODUCTION

As illustrated in the 7 analog design

octagon” , the design of amplifiers is full of com-

1, especially for a low noise amplifier

promisest
(LNA) . which is the first active stage in a receiv-
er. LNA must operate at the same high frequency
as carriers and must achieve impedance matching,
low noise figure (NF), high power gain, good
linearity and so on. Therefore, it is necessary to
trade these parameters each other during the
LNA design, which also becomes its design diffi-
culties.

According to the reported papers, many
LNA circuits have been designed for different sys-

25 and some optimization techniques have

tems
been considered. In Ref. [6], for example, a T-
type input matching network was used to achieve
a wideband input impedance matching. A novel
noise optimization technique for inductively de-
generated CMOS LNA was

Ref. [7]. And in Ref. [8], a design method us-

presented in
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ing mathematics optimization technology was pro-
posed to obtain optimal transistor sizes and com-
ponent values in input matching network and load
network. For a certain LNA, a power-con-
strained optimization of simultaneous noise match
and input match was given in Ref. [9]. Different
from those previously reported works, a conve-
nient method based on Smith chart is advanced in
this paper to obtain the optimal source impedance

for lower NF and the higher gain.

1 OPTIMAL NOISE MATCH AND
POWER MATCH

As we all know, in the design of LNA, there
exist an optimal source impedance to provide the
lowest noise figure and an optimal source
impedance to provide a maximum power gain.
However, these two optimal source impedances
are not equal, in other words, the optimal noise
match and the power match cannot be achieved si-

multaneously. Therefore, a trade-off should be
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made between them. After a brief review of opti-
mal noise match and optimal power match, a
method for calculating the optimal source
impedance is proposed to achieve the lowest noise
figure and the maximum power gain under the

constraint of input reflection coefficient S,,.
1.1 Optimal noise match

A typical equivalent representation of a noisy
two-port is shown in Fig. 1, where Z, is the
impedance of input source, Z; the load
impedance, Z;, the input impedance of the two-
port network, v% and iZ are the equivalent input
noise voltage and current respectively, v, is the
voltage source and v the noise voltage source.
The noise factor (F) in terms of F,;, and the

source admittance is given by'"

R, . . .
G I:((Jx — Gop()z + (B\ 7 Bnpl)zj

F:Fmin+

(1)
where F., is the minimum noise factor , R, the
equivalent resistance, G, and B, are the conduc-
tance and the susceptance of the input source,
while G,, and B,, the conductance and the suscep-
tance of the input source at the minimum noise
factor, respectively. The noise figure is the sim-

ple noise factor expressed in dB (NF=10logF).

Noiseless
two-port

Fig.1 Equivalent representation of noisy two-port

The expression in Eq. (1) means that the
contours of a constant noise figure are circles cen-
tered about (G,ys Boy) on a Smith chart. Fig. 2
shows an example of constant noise figure circles
plotted on a Smith chart. Some important conclu-
sions can be drawn as follows: The centers of all
constant noise circles locate along a line drawn
from the origin of the Smith chart to the point Y,
(Yop = Gop +jBop ). For the smaller noise figure,

the center of noise f{igure circle is farther to the o-

rigin and the radius of the circle is smaller. When
F=PF,., the constant noise figure circle becomes
a point and Y, = Goy + jBoy. It means that if a
matching network transfers the source impedance
Y.to Yo, the circuit is in the state of best noise
match. It is called the optimal noise match, so
Y, is the optimal noise source admittance and Z,,,

the optimal noise source impedance.

Fig. 2 Bunch of constant noise figure circles

1.2 Optimal power match

The optimal power match for LNA means

that the input impedance and the source
impedance should be conjugate matched. In other
words, the input matching network of LNA cir-
cuit should transform the input impedance to 50 Q
or transform 50 Q to the conjugate impedance of
input. For there always exits a certain mismatch
in real systems, the return loss, or S,,, is used to
specify this deviation. As shown in Fig. 2, S;;can
be expressed in terms of impedance " as

AR
Zw+ Z,

When Z,=Z7,", S, has the minimum value and

IS, | = (2)

Zin“1s called the optimal power source impedance.
Substituting Zi, = R, +jXi and Z, =R, +jX. into
Eq. (2),we have

(R, — R)* + (X;, + X)°

IS ]? = (R, + R)* + (X, + X.)? )

so that
( 1 [Sult
R, — 2RinRs( 7) +
1— |Sn -
R+ (X, +X)"=0 (4

The expression in Eq. (4) denotes a set of
constant Sy circles on the Smith chart, as shown
in Fig. 3, where Z,=R,+jX.is set as the vari-

able. Similar to a constant noise figure circle and
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its conclusions, the centers of all constant S, cir-
cles locate along a line drawn from the origin of
the Smith chart to the point Z,," (Z," = Ry, —
iXi). For the smaller S,,, the center of the circle
is farther to the origin and the radius of the circle
is smaller. In other words, when the source
impedance is closer to the optimal power source

impedance Z;, ", the S, is smaller.

Fig. 3 Bunch of constant S, circles

1.3 Trade-off between optimal noise match and

power match

As mentioned in previous section, the noise
match or the power match can be achieved by
moving source impedance to the optimal noise
source impedance or the optimal power source
impedance. Then, there must be a suitable source
impedance to trade power match with noise
match?. At specified S,,, a method for calculat-
ing this source impedance is introduced as fol-
lows.

According to the location of optimal noise
source impedance on the Smith chart, there exist
two cases.

(1) Optimal noise source impedance is in the
constant Sy circle.

As shown in Fig. 4, when the optimal noise
source impedance Z,, is in the constant S, circle,
which is the ideal condition, the LNA circuit can
meet the S, specification while achieving mini-
mum noise figure. In this case, there is no need
for compromise, just matching the source
impedance to the optimal noise source impedance
directly.

(2) Optimal noise source impedance is out of
constant Sy, circle.

As an example, assume that the required S,

Fig. 5 Z,.out of constant Sy, circle

is — 4.4 dB and the optimal power source
impedance is Z;, ", while the optimal noise source
impedance Z,, is out of —4. 4 dB circle, as shown
in Fig. 5. By drawing a straight line between Z;,"
and Z,., there exist two points, denoted by A
and B, where the line intersects the contour of S;;
circle with the constant value —4.4 dB. As we
can see, point A is closer to Z,,» so it is the point
of lowest noise figure at this S, circle. By moving
source impedance to point A, the optimal noise
match is achieved at this specified S;;. A detailed
calculation process is shown as follows.

The input impedance

Zy = Ri, + inn (5
The optimal power source impedance

Znt = Ry, — 1 X (6)
The optimal noise source impedance

Zopw = Rope + 1X o YD)
The source impedance

Z, = R, + X, (8)
The linear equation connected Z;,* and Z,,

— X, — X

X, = PR, — Rop) A+ Xope (D)

1<in — [eopl
The circle equation of constant Sy,
(Ri, — RO* + (X, + XO*

S0l = R TR T (X F X7 1O




382 Transactions of Nanjing University of Aeronautics &. Astronautics

Vol. 28

The distance from the cross point to the opti-

mal noise source impedance is
d* = (R, — R,,)" + (X, — X,0* (1D
From Egs. (9,10), the impedances at point
A (Zy=R,+jX4) and point B (Zy=Rp+jXp)
can be solved respectively Then , using
Eq. (11), the distance can be calculated. The
point which has the closer distance is the desired
solution. With the help of mathematical tools,
the calculate process is easier and faster. Math-
cad, one of engineering calculation software, is

used in the design.

2 DESIGN EXAMPLE

Based on the Chart 0. 35-um CMOS process,
a cascode LNA circuit without input/output
matching network is designed to verify the
method. The total die area is 368 pm X 554 pm.
Fig. 6 shows its schematic and micrograph with
test probes. And its on-chip measured S-parame-

ters are shown in Fig. 7.
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(b) Die micrograph with test probes

Fig. 6 Cascode LNA without input/output matching

network
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Fig. 7 Measured S-parameters of LNA without match-

ing network

2.1 Calculation of required optimal source

impedance

In this work, the designed LNA circuit is
aimed at UHF RFID systems, and the centre op-
eration frequency is 922. 5 MHz. After an SP sim-
ulation in Cadence Spectre at 922.5 MHz, we
have .
The input impedance
Zw="74.533—j253.182 Q

The equivalent resistance
R,=34.281 Q

The optimal conductance of input source
Gop=0. 664 ms

The optimal susceptance of input source
By=—1.514 ms

The minimum noise figure
NF=0. 345 dB

The noise factor
F=2.374

Therefore, the optimal power and noise
source impedances of this designed LNA at 922.5
MHz are

Ziw =Ri,—jXn.=74.533+)253.182 (12)
Zow = 1/Y 00 = 1/(Gop + Boy) =
242.777 + j553. 754 (13)

Assuming that the specified S;;<C —10 dB,
from Eqgs. (9,10), we obtain Z, = 53.975 4+
j216. 232 and Zz=102. 921 +j304. 206. Further,
from Eq. (11), we have

A= (RAa— R+ (X, — X0 =1.49 X 10°

14

b= (Ry— Ry + (X — X, 0*=8.18 X 10'

15>
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As we can see, d5< d%, the cross point Zgis
the required optimal source impedance. The noise
figures and the corresponding S,, at different
source impedances are simulated in Cadence Spec-

tre and the results are listed in Table 1.

Table 1 NF and S,, at different source impedances

. . Simulated Simulated
Source impedance

NF/dB S1;/dB
Ziw =T74.5 i .
' 74.533+)253. 182 0.915 —40. 00
(optimal power match)
Zop=242. j553.
p=242. 7771553, 754 0.345  —2.10
(optimal noise match)
Z;: O . ] O . O
5=102.921+3304. 206 0. 646 1001

(trade-off match)

2.2 Design of input impedance matching net-

work

According to the calculated results, the input
impedance matching process is to pull Zzto 50 Q
or to pull 50 Q to Z. There are many different
topologies of matching network, the T-type is
chosen in this design and a matching sketch is

shown in Fig. 8.

(b) Locus of matching process

Fig. 8 Sketch of input impedance matching network

Based on the on-chip measured S-parameters
of LNA without matching network (Fig. 7) and
the model parameters of passive components (in-
ductors and capacitors) from Murata Manufactur-
ing Co. Ltd, the input and output impedance
matching networks are accomplished in ADS and
the experimental results are shown in Figs. 9.,10.
We can see that at 922.5 MHz, NF is 0. 656 dB
(point m,) and S;; is —13.094 dB (point m,).
Here, the value of NF is 0. 01 dB higher than the
one listed in Table 1 while S,,is 3 dB lower.
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Fig. 10 Curve of S,

3 CONCLUSION

A clearer and more straightforward under-
standing of optimal noise match and optimal pow-
er match is presented. With the help of Smith
chart, the detailed calculation of desired source
impedance is advanced for trade-off match at
specified S;;. Based on Chart 0.35-pm CMOS
process, LNA for UHF RFID systems is designed
and its simulation and experimental results are
analyzed. Finally the design example proves the

feasibility of the calculation method.
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