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Abstract—In mobile and portable wireless devices, it is impor-
tant to have low power dissipation so as to maximize battery
life. As the overall power dissipation of a device is dominated
by the radio frequency (RF) front end rather than the digital
circuit, low-power RF front end design has become a very hot
topic in both research and implementation. In this paper, we
propose a design method to minimize the power dissipation of
a RF front end. Specifically, given the overall specifications of
gain, linearity and noise figure of a front end, we derive the
optimal specification for each building block of the RF front end
such that the overall power dissipation is minimized. By using a
specific example of a front end consisting of a couple of cascaded
circuit blocks using 90nm CMOS technology, we demonstrate
that significant reduction in power dissipation can be achieved
using the proposed design method.

I. INTRODUCTION

In the past decade, there has been a rapid growth of mobile
wireless devices in our everyday life, such as cellular phones,
laptops. Most of these devices use batteries as power sources,
hence, low power dissipation is essential. As the power dis-
sipation of the radio frequency (RF) front end contributes a
major part of the overall power dissipation in these devices,
low-power RF front end design has been and will continue to
be a very important topic in both research and implementation
(11 [2].

Figure 1 illustrates a block diagram of a typical wireless
receiver, which consists of an antenna, an RF front end, an
analog to digital converter (ADC) and digital domain process-
ing blocks. In the RF front end, the received signal from the
antenna is first passed through the RF filter, which passes the
signal in the desired frequency band while suppresses the out-
of-band signals. The filtered signal is amplified using the low
noise amplifier (LNA) and then mixed with the carrier signal
generated from the local oscillator (LO) and converted to a
lower frequency. The low frequency signal goes through a
low-pass channel filter, whereby the out-of-channel signal is
further suppressed and the filtered signal is then passed to the
automatic gain controller (AGC).

In practical design of the RF front end, the specifications
usually dictate an overall gain, noise figure (NF) and linear-
ity (normally in terms of the third order interception point
(IP3)). Based on these overall specifications, the specifications
for different circuit blocks of the front end such as LNA,
mixer and filters are derived. For a given overall front end
specification, there are trade-offs between the specifications
of different circuit blocks and the overall power dissipation.
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Fig. 1. Block diagram of a wireless receiver.

The minimization of the front end power dissipation is thus
an optimization problem of finding the optimal combinations
(trade-offs) of the circuit block specifications given that the
overall front end specifications must be met. However, the
trade-offs among different circuit blocks depend on the IC
technology, the circuit topology, desired specifications and
probably many more parameters [1]. This usually results in a
very large number of possible combinations, which makes the
optimization intractable. Attempts have been made to generate
all possible circuit topologies [3] and to automatically find
optimal parameter values [4]. However, these methods cannot
cope with the typical complexity of front end circuit blocks in
realistic periods of time. The growing demand for low-power
front end demands new design methods.

It was shown in [5] that by using structure independent
transforms (SIT), it is possible to trade linearity, gain and
power dissipation of any circuits, independent of circuit topol-
ogy, desired specifications and so on. With this, we are able
to deal with the power dissipation minimization on a more
abstract level. Specifically, we can consider the RF front
end as a cascade of circuit blocks. For each circuit block,
we have a library of finite possible circuit topologies. For
each of these possible circuit topologies, we quantify its
power efficiency using a single parameter, which we call
the effective figure of merit (EFOM). The EFOM depends
on circuit topology, IC technology etc. Using SIT, we can
transform a particular circuit topology in a library to a circuit
with desired specifications, without changing the EFOM. With
these libraries and SIT’s , the minimum-power front end design
can be found using the following three steps:

1) For each circuit block, select from the corresponding
circuit library the circuit that gives the best EFOM and
that meets boundary conditions and requirements such
as IC process, supply voltage, reverse isolation, efc.
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Fig. 2. A front end with cascaded circuit blocks.

2) Given the EFOM’s of all chosen circuit blocks and
the overall specifications of the front end, find the
optimal combination of the circuit block specifications
that minimize the power dissipation.

3) Use SIT to transform the chosen circuit for each circuit
block to a circuit with the optimal specification.

Both step 1 and step 3 are straightforward. In this paper,
we study how to find the optimal combinations of circuit
block specifications as in step 2. This optimization problem
for a cascade of two circuit blocks was solved in [1]. In this
paper, we present a general solution for a front end with an
arbitrary number of cascaded circuit blocks. We show that the
optimization problem can be solved using Lagrange’s multi-
plier theorem and has closed-form solutions. By considering
a specific example of a front end consisting of an LNA ,
a mixer and an output buffer from recently published 90nm
CMOS designs, we show that significant reduction in power
dissipation can be achieved using the proposed design method.

The rest of this paper is organized as follows. We present
the system model in Section II. The power minimization
problem is formulated in Section III, it’s closed-form solution
is presented, and the derivation of this solution is deferred
to the appendix. In Section IV, we use a specific example
to demonstrate the reduction in power dissipation that can be
achieved and the concluding remarks are given in Section V.

II. SYSTEM MODEL

In this paper, we consider an RF front end consisting of
a cascade of circuit blocks such as amplifiers, mixers, filters
[1]. Figure 2 shows a front end with n cascaded blocks. We
use G;, F; and IP3; to denote the power gain, the noise figure
and the IP3 of block ¢ respectively. We also use Gy, Fior and
IP3¢ to denote the overall specifications for the whole front
end. The relationship between G\, and G; is given by

Gtol = H Gi- (1)
i=1
The overall noise figure Fi, is related to the noise figure of

each individual circuit block by Friis’ formula [6]

n

F;,—1
Fo=1=3 —5——. @
i=1 Hj:l Gj
The overall IP3 can be obtained as
1
IP3tot = (3)

i=1 1P3;

It was shown in [7] that assuming unilateral gains and
matching, the power dissipation for block ¢ can be approx-
imated by,

P, = ﬁGiIP% “4)
where f; is the power limiting bandwidth for block :. For
a circuit block with a dominant pole, this is equal to the
bandwidth of the circuit block. We use x; to denote the
power linearity parameter for block ¢ that depends on circuit
topology, IC technology, etc. This parameter allows us to
quantify the power efficiency of different circuit topologies
in the same technology. Thus, we call « the effective figure
of merit (EFOM) for a particular circuit topology for a given
technology. By using structure independent transforms (SIT),
we can transform a particular circuit topology to a circuit with
desired specifications in gain and IP3 without changing the
value of EFOM [5]. Using (4), the overall power dissipation
of the front end can be straightforwardly written as

m=23:2£mm. 5)
i=1 i=1 "

ITI. PROBLEM FORMULATION AND SOLUTION

Given specifications on the overall gain, noise figure and
IP3, there exist multiple combinations of gains, noise figures
and IP3’s of different circuit blocks that meet the overall
specifications. The power dissipations for these combinations
are obviously different. The goal in this paper is to find the
optimal combination such that the overall power dissipation is
minimized.

We assume that a library of “good” circuit blocks is
available, from which the front end will be constructed. For
each circuit block in the library, the parameters « and F'
are known, which can be easily obtained in practice by
circuit simulation. Moreover, depending on application, the
power limiting bandwidth for each circuit block f; is also
known in advance. Therefore, the optimization problem can
be formulated mathematically as follows:

Given:
ki >0
fi>0
F; >1
Fiot > 1
Gt > 0
IP3¢ot > 0
Find:
Fuin = (&1, ngln ) (Z?:l %G7‘IP3Z>
(IP31,1P3n, - - - , IP3y,)
Subject to:
G =[1}2, Gi: gain constraint
Foa—1=Y1, f‘i;l :  noise figure constraint
Hj:l Gj
IP3ot = % : IP3 constraint
n Hj:l G
i=1 1P3;

The analytical solution of this optimization problem, as
reported in the appendix of this paper, was first derived by
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AJEM. (Guido) Janssen in 1999, when he was working
at Philips Research Laboratories in Eindhoven. However, up
to now, this result only received partial exposure in public
literature, except in [7]. Denoting the gains of all circuit blocks
by a vector g = [G1, G2, - ,Gy), this optimization problem
can be solved in the following two steps:

o Step 1: For a given gain vector g, find the optimal distri-
bution of IP3’s that leads to minimum power dissipation
Pring subject to the IP3 constraint in (3).

e Step 2: Find the minimum power dissipation Py, =
min (Pmin‘g) among all possible gain vectors g that
satisfy the total gain and noise figure constraints, i.e.
Giot = HzT'L:l Giand Fio — 1= Zz 1 1—[1:_‘ =

Using Lagrange’s multiplier, the minimum power dissipation
in step 1 can be found as

= IP3y Z
=1

: n o [HT
Rj lz_ G Z': #H: Gk
1P37 = P30\ H}fl s = i

The optimization in step 2 can be solved using Lagrange’s
multiplier method too. The final optimal gains for different
circuit blocks are given by:

Pmin|g

n—1
srm(fr—1)2 1 S Q(F
f1 Froo = F1 4=\ K

Q
|

i+ —1)
J

Fig1 -1 2f¢—1 Ki .
G = ¢== 2 ofori=2,---,m—1
‘ \/( Fi_1> Ki—1 fi orrE ST
Go _ Gtot (-Ftot \/fn 1 ey 1 >2(.8)
n En 1 3 i‘] 7+1_1 Rn—1 —1

Substituting the optimal gain distribution into (7), the optimal
IP3 specifications are given by

> fi J o
Ri L»_ G° Zn: ,77 k= G
IP3? = P3|/ H}Vl 7 =7 = R 9

Finally the minimum front end power dissipation is given by

fn fog (ZZL o v Li(Fipg — 1))3/2

Kn VEot_Fl

Pmin = IP3t0l

(10)
The mathematical details of solving the optimization problem
are given in the Appendix at the end of the paper.

From (10), we can see that given the overall specifications
of Gy, P3¢ and Fiy, there are a couple of ways in reducing
the minimum front end power dissipation. The most straight-
forward way is to choose circuit blocks with larger EFOM

(k7). Another way is to choose the noise figure of the first
block F} to be significantly smaller than the overall noise
figure Fiy. This is because when F} is close to Fi,, a large
gain (1 is required at the first block to bring down the noise
figure contributions from all subsequent blocks. This higher
gain mean more power dissipation. Moreover, higher G; also
means that signal amplitude after the first block is high, which
results in a higher linearity requirement and again means
higher power dissipation.

IV. NUMERICAL RESULTS

In this section, we use a numerical example to illustrate the
reduction in power dissipation that can be achieved using the
proposed design method. In particular, we study a typical front
end consisting of three cascaded circuit blocks using 90 nm
CMOS technology, an LNA [8], a mixer [9] and an output
buffer [10]. The specifications of the three circuit blocks and
the overall specifications of the front end are shown in Table
L

TABLE I
SPECIFICATIONS FOR A FRONT END WITH 3 CIRCUIT BLOCKS USING 90NM
CMOS TECHNOLOGY.

LNA | Mixer | Output Buffer | Overall
Gain (dB) 16 10.2 0 26.2
Noise Figure (dB) 1.7 9.1 16 2.4
1IP3 (dBm) 4 10.7 19 -9.6
fi designed (MHz) | 1500 | 2100 500
K(x109) 7.65 17.8 1.22
Pow. Diss. (mW) 19.6 14.5 325

We consider the front end in this example for IEEE
802.11b/g wireless LAN systems operating in the 2.4 GHz
ISM band. In this case, the power limiting bandwidth is thus
100 MHz for the LNA, 2.5 GHz for the mixer and 30 MHz
for the output buffer. With the new power limiting bandwidth,
the power dissipations for the three circuit blocks become 1.31
mW, 17.3 mW and 1.95 mW respectively and the total power
dissipation without optimization is 20.5 mW. After using the
proposed optimization method, the optimal distribution of gain
and linearity is summarized in Table II. We can see that the
overall specifications on gain, linearity and noise figures are
still met. The power consumption is reduced by about 50%
from 20.5 mW to 10.0 mW. Note that this reduction can be
achieved when optimizing purely for low power dissipation,
whereas in practice there might be other considerations such
as robustness, die area, stability efc. that might be traded off
against the lowest possible power dissipation. Nevertheless, for
such trade-offs, it is also very valuable to know the minimum
power dissipation that is achievable.

Using the same front end example considered in Table I,
we study how the difference between Fi, and F) affects the
minimum power dissipation, P, of the front end. Figure 3
shows the minimum power dissipation for different total noise
figures. Here, we sweep the total noise figure Fiy; from 1.8
dB to 5 dB, while keeping G, IP3y, and individual noise
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TABLE I
OPTIMIZED GAIN LINEARITY DISTRIBUTION FOR THE FRONT END.

LNA | Mixer | Output Buffer | Overall
Gain (dB) 21.1 1.5 3.6 26.2
Noise Figure (dB) 1.7 9.1 16 2.4
11P3 (dBm) -0.9 14.3 17.7 -9.6
fi (MHz) 100 2500 30
Pow. Diss. (mW) 1.31 17.3 1.95 20.5
Opt. Pow. Diss. (mW) | 1.36 5.28 3.37 10.0
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Fig. 3. Minimum power dissipation for different total noise figure values for
a fixed F1 = 1.7 dB.

figure and x for each circuit block fixed. Notice from (8)
and (9) that the optimal gains and IP3 for each circuit block
will change due to the changing Fiy. From the figure, we
can see that the power dissipation rises significantly when
Fior becomes close to the noise figure of the first circuit
block Fy = 1.7 dB. This is because when Fi, gets closer
to F}, the additional noise figure contribution allowed from
subsequent blocks gets smaller. When the noise figures of
subsequent blocks are fixed, this implies that G; must be
increased significantly as shown in (2), which leads to higher
power dissipation. This is confirmed by Figure 4, in which we
plot the optimal gains of different circuit blocks. We can see
that G; increases very quickly as Fi,: gets smaller than 2.5
dB. Notice that G2 remains constant because it is independent
of Fi. In addition, when G increases, the amplitude of the
signal at circuit blocks 2 and 3 increases. Therefore, as shown
in Figure 5, the linearity requirements, i.e. [P35 and P33,
for blocks 2 and 3 also increase, which again leads to higher
power dissipation. This is consistent with the discussion we
had at the end of Section III.

V. CONCLUSION

In this paper, we presented a method to minimize the
power dissipation of a RF front end consisting of cascading
circuit blocks. With given overall specifications on gain, noise
figure and IP3, we showed that the optimal combinations
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Fig. 4. Optimal Gain for different circuit blocks for different total noise
figure values for a fixed F; = 1.7 dB.
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Fig. 5. Optimal IP3 for different circuit blocks for different total noise figure
values for a fixed F1 = 1.7 dB.

circuit blocks specifications that minimizes the front end
power dissipation can be obtained by concatenation of two
applications of Lagrange’s multiplier method. With an example
of a front end consisting of an LNA, a mixer and an output
buffer from state-of-the-art 90 nm CMOS technology, we show
that a significant reduction of the front end power dissipation
can be achieved using the proposed method.
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APPENDIX
DERIVATION OF THE OPTIMAL GAIN AND LINEARITY
SPECIFICATIONS FOR DIFFERENT CIRCUIT BLOCKS

For ease of notation in the derivation, we define the follow-
ing variables:

= G;IP3;: the output IP3 of circuit block 7;
. yZ I j—1 G the partial gain from circuit block 1 to 1.
.« Gi=L

With this, the Step 1 of the optimization problem in Section
III can be written equivalently as
e Step 1: For a given y = [y1,Y2, -
X = [z1,29,---,2,] that minimizes P y(x) =
>ic1 Giwi, subject to: YL, % (the
IP3 constraint).

Using a Lagrangian multiplier A\, we define the cost function

,Yn], find

IP3tot

in step 1 as
Fix ) = Palo) A (% L (11)
1 ) — 4 tot it ; IP3lox .
The minimum of P,y (x) occurs when
VxJi(x,A) =0, (12)
or, equivalently, when
Vi Paor(X) = AV <Z i) (13)
This gives
G=-2%, (14)
i
and so x; = ,/—)\‘g—z. Substituting this into (5), we get that

the minimum power is given by

mm\y Zgzxz = _)\Z vV Gili- (15)
i=1
Notice that to satisfy the IP3 constraint, we have
IP3 =1 X —A =1 e

and this gives that the minimum power dissipation for a given
y and IP3, is given by

mm\y IP3 (Z \/@) = IP3y Z G H Gj
i=1 j=1

a7

Then, step 2 of the optimization problem can be written as

e Step 2: Minimize

n 2
Pmin|y = IP3¢ot <Z \% <1y1>
1=1

(the gain
Fioe (the

subject to yo = 1, yp = Griot
constraints) and Yy . 1F“;1 L =
noise figure constralnt)l
Again, for the ease of notation in step 2, we define the
following variables:

. ai:Fi_;,_l*]., fOIiZO,"' , N

o a=Fy —1;

o zj=/yiand z = [z, -, 2]
Now the minimum power dissipation for a given y can be
re-written as

—1;

Pmin\y

n 2
= IP3 <Z Cizi>
=1 . )
IP3,, <\/<nGtm+Z\/§zi> . (8)
=1

Notice that both IP3, and /(G in (18) are constants.
Therefore, the minimization of B,y is equivalent to the

minimization of
n—1
z) = E Gizi-
i=1

Moreover, using the new variables, the noise figure constraint
is given by ZZ 0 Z’ = a. This is equivalent to

(19)

n—1

> 2
— =a—ag = c,
iz Y

as yo = 1 and ap = F} — 1 is a constant. Now, step 2 of the
optimization problem can be simplified to

e Step 2’: Minimize

n—1

Z Gizi

i=1

Q(z) =

subject to ZZL 01 Z; =c.
Using a Lagrangian multiplier ., we can write the cost
function in step 2’ as

T2z, 1) = Q(z) — p (Z_: jﬁ - C> .

Again, at the minimum of Q(z), we have V.75(z, ) = 0 or
equivalently

V.Q(2) (Z Vi z) =V, (f ;) e

i=1 =1 "*

(20)

This gives
zi =/ —2u¢ (22)
Using the noise figure constraint, we get
n—1 a n—1 a
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and ¢/—2p = % St

(22), we get the minimum power dissipation given by

n—1
IP30¢ V CnGtot + Z \/azz
i=1

Pmin =

Substituting this into

3/2\ 2 i

= IP3tot CnGtot + Z V azCz 2]
net ofF 3/2\ 2

o (i YEEa-y) ) B
= IP3lot 7Gtot .

+
Kn VEol_Fl

Similarly, the optimal gain distribution can be obtained as

n—1
G0 - o s/mfp—1)? 1 Z
' f1 R
2 2
z; s/ (Fig1 — 1\ fic1 ki )

Ge = Si_ Moofori=9. ...
’ 27 ( Fi—1 ) ki fo T
Ge . Gtot _ Gtot (-Ftot - Fl) .

n - 2 - EEEY) n
Zn—1 :5/1“1(1‘;21 1) (ZJ = s/ij (Fji1 — 1))
1
2
n—1 3 F]‘ 171 fj71 Kj
= \/(F*—l) Mo
_ Gtol(-Flot fn 1 M~ 1 )2
En 1 5 fJ j+1 _ 1 n —1

(4]
24

[5]
[6]
[7]

[10]

(25)

and, finally, the IP3 distribution is given by

J G

k=1%k
. (26)
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