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1 Introduction

Low power, low-voltage and highly integrated circuits are always the most important
subjects for integrated circuit design. Especially, in sensor design due to the crucial
need for minimal size and low power circuits. These properties result in remarkable
development in sensors’ applications such as personal health care, home automation
and short distance devices (Bluetooth applications). Therefore, sensor industries
require minimized transceiver power consumption.

Since the wireless communication system is very lossy, the received signal from
the antenna has very weak strength. Therefore, low noise amplifier (LNA) has
to be used after and close to the antenna to amplify the signal for appropriate
operation. Furthermore, in order to translate the amplified signal to the desire
lower center frequency to permit channel-selection filtering, usage of another block
in receiver topology is necessary which is a mixer. In fact, the mixer multiplies
the signal to another signal that generated by a local oscillator (LO) and since the
multiplication in the time domain corresponding to the convolution in the frequency
domain, thus the frequency shift is performed by t+wro. Finally, by filtering we
would have amplified signal at the desired frequency. Figure 1 shows the schematic
front-end receiver.

Mixer —
RF IF
LNA LPF —————

coswyg

Figure 1: Front-end receiver.

A front-end receiver should operate at a low supply voltage with a small battery
or environment energy. In the last few years, plenty of low power receiver imple-
mentations have been reported [1-4]. However, their power dissipation is still too
high. Therefore, in this work, we tried to minimize the power dissipation as much
as possible. This work is a part of low-power transceiver design for short distance
devices. It presents the design of a low power LNA+ mixer which are the main
parts of the front-end receiver. This receiver is designed for Bluetooth applications,
thus the performance frequency is at 2.4 GHz. The conventional architecture of
receiver generally integrated discrete and coupled together with inter-stage match-
ing network, balun or filters. These intermediate stages lead to additional power
consumption and unwanted parasitics due to the complexity of the system. This
work reports ultra-low power fully differential LNA connected to an active down-
conversion mixer. Active mixers have a capacitive input impedance, therefore the



only issue is to re-evaluate the LC load of LNA. The integrated architecture is
designed, simulated and verified in a 65-nm CMOS technology.

The thesis is organized as follows. Section 2 and 3 introduce LNA and mixer
respectively and describe the most common LNA and mixer topologies. Section
4 explains the design procedure and important factors which should be considered
during the design. Moreover, section 4 shows the simulation results and performance
comparison with other existing systems. Section 5 demonstrates the layout design
of the integrated system, followed by post-layout simulation results in contrast with
pre-layout simulation. At the end, this thesis is concluded and briefly discussed
future work in section 6.

2 Low Noise Amplifier (LINA)

Low Noise Amplifier (LNA) which is usually the first amplifying stage of RF receiver
is the most challenging part. Based on Friis’ equation the LNA sets the minimum
noise figure of the receiver [5]. The Friis’ equation is used to calculate the total noise
figure of a successive system, each stage with its noise figure and gain. The total
noise figure is expressed as Equation 1:

Fr—1 Fs—-1 F,—1 F,—1 (1)

B =F TR S N
ol =Mt et e et e T T G, G

where the F; and G; are the noise figure and gain of the i;, stage respectively. As a
result of this equation, the total noise of a receiver is generated dominated by the
first stage of the system which is the LNA. The noise of subsequent stages degrade
by LNA gain as Equation 2 shows.

Fres —1
Freceiver = FLNA + t—a (2)
GLNna

in which Fl is the noise of next stages. Thus, the LNA should provide enough
gain in order to overcome the noise of the next stages, while it may threaten the
sensitivity of receiver.

In addition to the noise figure and gain, enough broad bandwidth is an important
issue. To cover the whole reception band with some design margin, but narrow
enough to filter unwanted interferers. In order to fulfill the filtering role of LNA a
good input impedance matching with source input is also required.

Moreover, linearity performance of total front-end or receiver typically is de-
pendent on the linearity of this stage (LNA). Linearity like bandwidth should be
sufficient to tolerate large blockers and not to produce undesired inter-modulation
tones in the considered band.

Therefore, to design a proper LNA there are several conditions to be satisfied.
Whereas, fulfillment of all requirements together because of simultaneous parameter



optimization is difficult, thus designers have to find compromise according to their
own desires. A large number of various LNA topologies is presented in Ref. [6].
Here, we just present and compare the most useful structures the common gate and
common source LNAs.

2.1 Common gate

The common gate (CG) LNA is shown in Figure 2.1 and some details related to
the CG LNA performance are discussed here in this section. The CG LNA is well-
known for being robust and also having a wide frequency range which makes it
suitable topology for ultra wide band applications. This topology provides resistive
input without the need of using an inductor. The input impedance of CG amplifier
is equal to R;, = é, where (7, is the transistor transconductance of the transistor,
if the channel length modulation and body effect are neglected.

o+ Vvad

$

Rs C

Vin

— —Vss

Figure 2: Common-gate LNA.

The input impedance of low noise amplifier should be matched with source re-
sistance Rg that is in the majority of cases 50 2. Impedance matching has to be
done for transferring the maximum power from input to the amplifier. Therefore,
dimensions of the amplifier and bias current should be chosen so as G,, = RLS or
G,»=20 ms, which results in high power consumption or large % ratio. Thus, we
have some limitations in order to choose the design parameters. The CG stage
does not suffer from the Miller effect and hence a sufficient reverse isolation can be
achieved with a single transistor stage. Therefore, the input matching network and

load can be designed separately. For instance in Refs. [7—10] shunt feedback resistor



used to adjust input impedance. In other words, shunt resistance improves the input
matching, while the size of the transistor or its power consumption is not large.

One of the main limitations of CG amplifier is the noise performance. The
minimum noise figure is given by,

vy o1 1 g
Foca=1+2 - =14+ 2L (3)
Ca a(x+1)?2 gnRs o

According to Equation 3, where 7 is the channel thermal noise coefficient and it is
2/3 for long channel devices and considerably larger for short channel devices. s is
the ratio of the transistor substrate transconductance g,,;, and g¢,,, Rs is the source
resistance and « for the long channel devices is equal to gmo According to Equation
3, the noise performance of the common-gate stage is independent of the operation
frequency. Thus, CG can be a good option for high frequencies [11]. « is ideally
one and it is smaller for short channel devices. Theoretically, achievable noise figure
(NF) is around 3 dB or larger [12]. Therefore, the NF limits the usage of common-
gate LNA. However, according to Ref. [13], NF can be lowered by imperfect input
matching as

14+ 511 (4)
1—51’

Fmin,CG =1 + 7

where « is neglected and Si; is the return loss coefficient (reflection coefficient). In
addition, if the load of LNA is resistive we have to take into account contribution
of its noise in the noise figure as given by Equation 5

2
v, AtgmBsP, 1 _1+7+% (5)
o ngL ngS Ry,

F=1+(
Therefore, as it is explained explicitly in Ref. [11] the resistive load has significant
role in overall NF.
There is a possibility to improve the noise performance by using differential CG
LNA. In this method, gates are driven by the opposite polarity input which halves
the required g,, and reduces the minimum noise as expressed in Equation 6 [14]

Frnin,CG =1+ l (6)
200

2.2 Inductively degenerated common-source LNA

The inductively degenerated common-source (IDCS) amplifier depicted in Figure
3(a) is one of the most popular CMOS LNA topologies. In Refs. [15-19] this type
of LNA has been used and has been explained with details. This topology has very



good NF and it provides both current and voltage gain which results in reducing the
noise of next stages [16]. According to the equivalent circuit of this amplifier which
has been shown in Figure 3(b), the transistor M; is simply replaced with the small
signal model having only gate-source capacitance Cys and transconductance g,,. In
order to improve and optimize noise performance of this structure another capacitor
(Cq) can be connected parallelly with the Cys of the input device, as indicated in
Ref. [20, 21].

+ Vdd

R Ix
+ R1
cd Cgs 2 gmvi

cdl Vx == —

Figure 3: (a) Inductive degenerated common-source LNA—(b) equivalent circuit
neglecting Cyq and Cgp,.

2.2.1 Input impedance

Input impedance of IDCS low noise amplifier can be expressed as below [22]

. mLS
Zin = jwly + jwls — —— + Im=s (7)

The resistive term of Equation 7 is directly proportional to the source inductor value.
Therefore, this amplifier can provide the specified input impedance without using a
physical resistor which causes noise to the amplifier. Reactance is almost noiseless,
thus it does not generate thermal noise. However, the series resistance of inductors
Ly and Lg would have a slight effect on NF. For having 50 €2 input impedance, the
real part (%) should be equal to 50 2 and imaginary part should be zero at the
frequency of interest, thus it results in

ImLs

Rs = )
CGS

1

2 _
woo = (Ls + Ly)Cas’



where Cgg is the sum of Cys and Cy. If the size of the transistor is small, using
Cq is a useful way to realize input matching network. In other words, Ls, L, and
Cq + Cgs can be adjusted simultaneously to obtain the best matching performance.
Typically, L, is realized as wire-bond inductance with high quality factor (Q) and
L has low value with smaller () which is implemented as an on-chip spiral inductor.
The effect of the series resistance of Ly can be lowered by using bond-wire [23,24].

2.2.2 Gain

Voltage gain is defined as a ratio of output and input voltages as follows

%ut
A, = -2 9
v (9)

The output voltage at the load impedance (Zr) is Vour = IoutZL, Where Iy is the
output current of the input stage, thus the voltage gain can be written as
%ut IoutZL

A, = = = Om.cf 4L, 10
‘/i ‘/1 g7ffL < )

where the g,, ¢ is the effective transconductance of the input stage. The g, g of
common source LNA is evaluated as

Iout gm‘/gs ngin 9m
Gm.eff = V. = Vi = = ) (11)
i i SCgsVin SCgsZin
in which g, is the transconductance of transistor and Cg, is the gate-source capac-
itance of the transistor. Moreover, Z;, is the input impedance that is presented in
Equation 7.

Therefore, according to the calculation in Ref. [13], at resonance frequency the
Jm.eff 1s independent of g,, of the input stage transistor, although g,, has effect on
the resistive part of the input impedance as given in Equation 8. Additionally, g, eq
can be written as

~

ou gmvs
: =8 - nginu
Vin Vi

(12)

Im.eff =

where (), is the voltage gain between the input of the matching network and the
gate-source voltage of the input transistor. By increasing this gain we can decrease
the g, value which leads to a smaller input transistor and then a smaller Cg. In
this situation, the matching network becomes sensitive to the parasitic capacitances
at the input matching circuits. Therefore, the use of inductor at the source of CS is
practically effectless, when the input transistor is very small.

2.2.3 Linearity

Linearity is an important factor which shows the stable performance of the circuit.
The most commonly used receiver linearity test is 1-dB compression point and third-
order intercept point (IP3). These concepts are clearly explained in Refs. [13,22,25].



Inductive degeneration common source amplifier has linear performance. Induc-
tive degeneration induces negative feedback at input transistor’s source node. Since
negative feedback reduces the distortion, thus causes more linear performance. This
amplifier provides even more linear performance than the resistive degeneration with
the same bias current.

2.2.4 Cascode stage

Common source amplifiers often have a cascode stage as shown in Figure 2.2.4.
We can utilize the advantages of this stage in our design. For instance, a cascode
transistor has a smaller input impedance than the load impedance. Thus, the Miller
effect of the input stage is reduced, which improves the LNA stability.

o+ vdd

I

o—Il_: M2

Vout

=—s)

o]

Rs C Lg -_—

|__nmm_|[: M1

Figure 4: Inductively degenerated common source LNA with cascode stage.

The noise contribution of a cascode stage to the overall noise of the LNA is
small but it is not negligible. At high frequencies, the impedance looking into the
drain of M; is low [16]. The noise contribution of this stage would even decrease
by minimizing the parasitic capacitances between input and cascode transistors.
Several methods for minimizing the parasitic effects have been presented in Refs. [26-
29].

For the load of cascode we use the LC resonator tuned at the carrier frequency
fo. Therefore, at resonance the tank impedance is large which results in a narrow-
band and large gain. The loss is minimized by having a large inductor value with
a high Q-value and a small capacitor. The supply voltage reduction has the price
of larger layout due to the extra inductor. The inductor and capacitor values of
the resonator are determined by considering the values of parasitic capacitors of the
transistor My and carrier frequency similar to the method as shown in Equation 8.



2.2.5 Common source with resistive feedback

The source inductor in a common source LNA limits the achievable bandwidth. If
we remove the source inductor, we would need another input matching network.
Using the resistive input termination due to increasing noise is not a good option.
However, the LNA matching network can be realized by using resistive feedback as
shown in Figure 5(a). My acts as a current source and Ry senses the output voltage
and returns current to the input.

vdd
Vb, I M2
RF

Vout RF Vout

Vin Vx

Figure 5: (a) Common-source with resistive feedback LNA—(b) simplified circuit [22].

Since Rp is in series with the current source (My) and M; is seen as diode
connected device, thus the ¢,,1 = =-. If the input resistance is considered equal

Rin
to the R, then g,,; = The gain of this topology according to Figure 5(b) is
evaluated as

L
Ry

Ry

A, =1- R (13)
Practically, the Rp is much larger than R, therefore the voltage gain is approxi-
mately
Ry
Ry
This circuit is independent of supply voltage effect because the Rr does not carry
bias current, while this LNA has relatively large NF based on the Equation is given
by 15

A, &~ — (14)

4R,
NF =~ 1+(R——|—7+79m2RS). (15)
F

For v ~ 1, the NF is larger than 3 dB even if the second term is less than 1 [22].
Therefore, this topology is not a good choice in order to minimize the noise figure.



3 Mixer

Mixer is another important part of almost all receivers and transmitters. The main
role of a mixer is frequency translation by multiplication of two waveforms and
possibly their harmonics. In the receiver, the down-conversion mixer senses the RF
signal at its “RF port” and the local oscillator waveform at its “LO port” and the
output that is called “IF” is at “IF port”. Typically, the down-conversion receiver
mixer moves RF signal to much lower frequency by multiplication to the LO signal,
thus, IF signal which is in lower frequency can be more easily amplified. A mixer can
simply be realized as Figure 6(a), where V1o works as a switch on and off. Mixers can
be accomplished with any non-linear devices (diodes, transistors) or time-varying
clements (switches), while due to the high performance of a transistor as a switch,
it is the most applicable method. Abrupt switching is a significant factor to be
considered, if switching becomes slower mixer suffers from lower gain and higher
noise.

VLO
VRF VIF

o o"e o

Figure 6: Simple mixer model.

Generally, mixers are classified into passive and active topology, each can be
formed as a single-balanced or a double-balanced circuit. When the transistor in
mixer does not amplify, a mixer is known as passive as Figure 7 shows. Typically,
active mixers can produce gain, while passive mixers are lossy but more linear. An
active mixer can be realized so as to obtain conversion gain in one stage. However,
the main drawback of an active mixer is generating noise, especially 1/f noise for
direct conversion receiver since the output signals are at baseband. The mixer noise
is mainly created in switching process by switching transistors.

A passive mixer does not consume any power. In addition, there is a claim that
since there is no DC current flowing through the mixer, passive mixers are free of
1/f noise. However, according to Refs. [30-32] passive mixer has flicker noise and
the authors showed that the magnitude of it, is proportional to the input signal
amplitude and inversely proportional to the slope of the gate voltage waveforms
at LO transitions. Therefore, choosing the type of mixer depends on the system
requirements and application.

A mixer can be implemented with a single device, while single balanced mixers
suffer from lack of isolation between RF and LO signal which can be minimized by
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replacing the differential output instead of single to convey IF signal close to the DC.
There is still some leakage from the LO or RF to IF port which is not important in
direct conversion receiver, because of high frequency differences that can be simply
filtered.

Doubled-balanced mixers are more complicated, they need differential RF input
which needs an LNA with differential output. This requires more power for having
low noise, or using a balun at the output node of the single-ended LNA in order to
convert a single-ended output to a differential one.

However, balun has a complex structure and practically it is not easy to realize
because if it is made of transformer it would increase the size of on-chip devices and
also parasitics [33]. Moreover, there is another way to convert a single-ended output
to a differential one, which is using CG transistor in order to shift the output of LNA
180 degree as shown in Ref. [34], while this method causes frequency phase shift,
thus due to the sensitivity of mixer to the frequency it is not a proper topology.
Therefore, using a differential LNA with an off-chip balun for the input of LNA in
order to have a balanced signal from the antenna is the preferable architecture.

In this thesis, the main focus is the most common active mixer topology, the
Gilbert cell mixer, therefore at the first glance, a short overview of other types of
the mixer is given.

3.1 Down-conversion mixers

To design a down-conversion mixer there are several concerns that should be con-
sidered such as gain, noise and linearity. Designing a mixer is demanding due to
the non-linearity and noise requirement. In the direct conversion receiver, dc offsets
and 1/f noise of the mixer are the biggest problems. Since the most important data
is located close to dc. Down-conversion mixers must provide sufficient gain to ade-
quately suppress the noise contributed by subsequent stages. Additionally, because
the output of LNA goes to the input of the mixer, thus mixer linearity should be
higher than the LNA linearity by the gain of the LNA.

In a receiver chain, the input noise of the mixer following the LNA is divided
by the LNA gain when referred to the receiver input while the IP3 of the mixer is
reduced by the gain of the LNA [22]. As a result, there will always be a compromise
between the noise figure and IP3. Generally, in designing of the mixer the aim is
to maximize the linearity, while not raising its NF. Mixer is usually a dominant
source for the second-order nonlinearity especially for down-conversion or low IF as
explained in Ref. [35].

Moreover, there is another important issue that we should consider, which is
the port to port feedthrough. Mixers suffer from coupling (feedthrough) from one
port to another. For instance, in direct conversion RF-LO and RF-IF feedthroughs
are problematic, thus to avoid these effects, a buffer is typically placed between the
LO and the mixer. Furthermore, when wyo and wir are too close to each other
LO-IF feedthrough can be a big problem, while when they have enough difference
to be separated by filtering, thus in this case LO-IF feedthrough is not an important
problem. This issue is strongly dependent on the mixer architecture. For example, if
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the mixer is made of a MOSFET, then the gate-source and gate-drain capacitances
create feedthrough from the LO port to the RF and IF ports.

3.1.1 Single-balanced and double-balanced mixers

Single-balanced mixers suffer from significant LO-IF feedthrough. Figure 7 illus-
trates single-balanced mixer. The coupling Vir to Vouw1 by aVio and —alio to
Vout2, then Vo — Vows = 2aVo to eliminate this effect, we connect two single-
balanced mixers such that their output LO feedthrough cancel but the input signals
do not. This topology builds double-balanced mixer. This topology as shown in
Figure 8 operates with both balanced LO waveform and balanced RF inputs. Single-
ended RF is possible with grounding one port at the price of higher input noise. In

VRF O=—
-Vlo

oo

O Vout2

Vio g RL
Voutl
oo g
i RL

Figure 7: Single-balanced passive mixer.

comparison of these two mixers in terms of conversion gain, Ref. [22] shows that the
conversion gain of a double-balanced mixer is half of the single-balanced counterpart.
Moreover, the input noise of single-balanced is lower than in a double-balanced.

3.2 Passive mixers

A typical passive mixer is built of four NMOS transistors as analog switches as
shown in Figure 8. These transistors act as switch and their work is to be on or
off. There is no need for a bias current, thus this structure is low power and has
low noise. The DC bias voltage of the gate of switch transistors has an important
role in mixer performance. Gate voltage should be chosen somehow close to the
threshold of conduction in order to obtain the lowest on-resistance. Therefore, noise
from the switches is minimized and good linearity is achieved. Furthermore, if the
voltage swing across the switch transistors is kept as small as possible, linearity
performance would be maximized. For instance, in Ref. [36] this type of a passive
mixer is discussed.
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A passive mixer has non-unilateral nature, i.e. the signal flows bidirectionally
from input to output, thus causing several problems. For example, while the passive
mixer is connected to the output of the LNA, the circuit after the mixer can load
the LNA and degrade its gain and selectivity [32]. Furthermore, the passive mixer
needs large LO amplitude in order to minimize the overlap period when all switches
are on [37]. As a result, the output impedance of the mixers is lowered, which
increases the noise of first baseband stage. Additionally, the parasitic capacitances
at the switch source and drain nodes lower the mixer’s output impedance. With
larger switches, there will be larger source-drain junction capacitances, which results
in larger stored noise. These capacitances cause an equivalent resistor, which is
inversely proportional to the LO frequency and the value of parasitic capacitances

[30}.
Vio —
}1_[ ;L oVoutl

VRF
o——
-Vlo
-VRF
O]

Vout2
O
+ 1
I 1
Vio =l

Figure 8: Double-balanced passive mixer.

3.3 Active down-conversion mixers

Active mixers can provide gain and they can convert RF voltage to the current, and
then multiply RF current by the LO, and convert IF current to voltage. Figures 9
and 10 illustrate single-balanced and double-balanced mixers respectively.

The most common mixer is probably the Gilbert-cell mixer and its variants.
This type of mixer was proposed by Barrie Gilbert as a four-quadrant multiplier in
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Figure 9: single-balanced active mixer.

1968 [38]. Gilbert mixer as shown in Figure 9 is composed of a balanced grounded
transconductance stage, which converts the input voltage signal to the current mode.
After input transconductor, the signal is fed to the switching stage, which is driven
by a large LO (i.e. 150 mV},).

Typically the Gilbert-cell mixer is driven with balanced RF and LO signals.
If a double-balanced structure either of the RF or LO signals are supplied alone,
there is no output signal. Whereas, either of the input signals can be single-ended
and the other sides can be ac-grounded. Therefore, The output of the single-ended
LNA can be connected to the mixer like in Ref. [39]. In this case, the conversion
gain is decreased because only half of the mixer input stage transconductance is
utilized. Usually, double-balanced mixers are more interesting for down-conversion
receivers, since they generate less even-order distortion, provide high port-to-port
isolation, and usually have better noise performance than the single-balanced ones.
In addition, single-balanced mixer despite being low power has big problem, which
is large LO feedthrough at its output that may saturate the following stage [37].

3.3.1 Mixer input stage

The mixer input stage consists of a balanced grounded CS amplifier or a differential
pair with a tail current source as shown in Figures 11(a) and 11(b), respectively.
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VDD

-LO

Figure 10: Double-balanced active mixer (Gilbert mixer).

It is crucial that all transistors work in their active mode in order to have a linear
system. Typically, each MOS transistor should work in its active mode if the Vg
is larger than the threshold voltage and also, Vpg is more than the subtraction of
gate-source voltage (Vis) and the threshold voltage (Vin). Thus, if two structures
are biased with the same current and device dimensions, the grounded CS stage has
better IIP3 (third-order nonlinearity) performance than the differential pair with
a tail current source [40]. However, the tail current source offers a common-mode
rejection ratio, and the trade-off of the grounded CS stage is greater sensitivity to
supply noise [40].

3.3.2 Conversion gain

The ratio of the output voltage signal at the IF frequency to the RF input voltage
signal is called voltage conversion gain. The conversion gain based on the presenta-
tion in Ref. [22] is calculated as

Vir 2

— = — g1 Rp. 16
Vi ngD ( )

Now, it is important to understand the limiting factors of conversion gain. The gain
is related to the linearity and voltage headroom. To provide linearity it is important
that switching stage transistors perform in their active region.
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(a) (b)

Figure 11: Transconductance stage of mixer: (a) grounded CS stage and (b) differ-
ential pair with a tail current source.

On the other hand, size of the input transistor is determined with respect to
the overdrive voltage, Vg1 — Virm and then Vpg pin. The transconductance of M;
depends on the drain current and it is expressed as ¢, = ﬁ Also, the
value of Rp is limited by the maximum allowable dc voltage across it. Therefore,

according to the analysis performed in Ref. [22] the conversion gain is given by

8 VR,maX

S_ Rmax 17
™ Vast — Vrm (17)

AV,maX = _gmlRD,maX -
T
which shows that the low supply voltages strongly limit the gain of the active mixer.
Thus, a question arises how we can improve the gain. The overdrive of input tran-
sistor has limited flexibility unless both the LNA gain and noise of mixer can be
lowered. The overdrive of switching transistors can be reduced by widening these
transistors, while raising the parasitic capacitors.

When switching transistors are close to equilibrium, the RF current is split ap-
proximately equal between them, thus it performs as a common-mode current and
it causes small conversion gain. Eliminating the LO swing would reduce the gain.

Another factor that degrades the gain is related to the capacitance seen at the
drain of the input transistor. Let us consider a single-balanced mixer as illustrated
in Figure 12. When fast LO switching causes My on and Mjs off, total capacitance
at node P is

Cp = Cpp1 + Casz + Cass + Csz + Csgs, (18)

where Cpgi1, Cas2, Cass, Cpge and Csps are the parasitic capacitances of three
transistors seen at node P.

Therefore, RF current splits between C), and resistance has seen at source of M,
which is 1/g2, that causes the reduction of gain by the factor of Soi’ijm. As it is
discussed in Ref. [22] the effect of the C}, may become significant for relatively large

frequencies.
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vDD

Figure 12: Loss of RF current to ground through C,.

3.3.3 Mixer noise

Switching transistors can be counted as one of the main sources of noise in the mixer,
if they are not sufficiently fast. The thermal noise due to the transconductor stage is
at the same frequency as the input RF signal. In down-conversion receiver, it will be
down-converted to around DC frequency, just where the IF signal is located. Sim-
ilarly, any periodic LO waveform down-converts the noise from the odd-harmonics
of the LO signal.

Noise of the switching capacitances should be noted, since the noise of these tran-
sistors increase by the factor of the differential gain. However, as explained before
practically these switches are not fast enough, thus the large LO swing saturates
the differential pair, thereby lowering the gain.

3.3.4 Linearity

The linearity, more specifically IIP3, is controlled by both the transconductance
stage and the switching stage. As explained before, the linearity of an active mixer is
directly proportional to the drive current and the input transistor overdrive voltage.
The IIP3 of a common source; increases when the overdrive voltage increases and
subsequently this also increases the noise as it is illustrated in the following equations
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[22]

TIP3 (VGS - VTH),

4KT
Voin? = ——— (Vas — Vo).
21

(19)

Last but not the least, linearity degrades if the switching transistors enter the triode
region.
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4 Design Description

4.1 LNA design procedure

In this section, various steps of designing an ultra low power LNA with specific
characteristics are introduced and discussed. To obtain our purpose in this project,
based on the explanations in the previous sections 2.2 and 2.2.4, the inductively
degenerated common source LNA with a cascode stage shown in Figure 13 has been
chosen. This project is implemented in a 65-nm CMOS technology. Since this

+ Vvdd

Vin

Figure 13: Low noise amplifier with bias system.

receiver is going to be used in Bluetooth applications, the operation frequency is 2.4
GHz and the needed bandwidth is around 100 MHz.

Firstly, we started the work with the design of input matching network in order to
to achieve high gain, low noise and low return loss. Figure 14 shows the impedance
seen from input which should be equal to 50 2. The method used to achieve low
noise and impedance matching simultaneously is explained here. Such type of input
system is well-studied, and it is common for the most RF receiver designers especially
for the ones who choose IDCS-LNA. Figure 13 indicates the considered LNA for our
design.

Later in this section, output load design and bias system for this LNA is explained
and discussed.
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Figure 14: Input impedance of inductively-degenerated CS stage.

For matching, we need to find a topology in which the input is isolated from the
inductive load with active devices to provide 50 €2 input resistance without the noise
of a resistor. According to the expression for the input impedance which is written
in Equation 7, Lg, Ly and Cyg are the main components that have to be noted during
input matching adjustment. As we explained before, the real part of the equation
should be equal to 50 Q. Since &* = wr (wr = 27 fr, where fr is the maximum
operating frequency of the transistor), the input resistance is approximately equal
to Lswr and directly related to the fr of the transistor. In our case for the used
65-nm technology, wr = 27 x160 GHz, thus Lg is calculated to be 50 pH [22].

Practically, the degenerating inductor (Lg) is often realized as a bond wire, since
the use of packaging is inevitable in the design. In order to minimize the inductance,
the source can connect to the ground plane in the package directly. However, the
value of inductor from geometry is around 1nH, therefore, in this case the input
impedance is much higher than 50 2. In order to obtain input matching at a
frequency lower than fr we can use a capacitor in parallel with Cy. Moreover, one
of the important aims of this work is to design ultra low power amplifier. To realize
this goal transistors dimensions should be small which results in small parasitic
capacitances in femto farad range or even smaller. Therefore, a parallel capacitor
can be used in order to neglect the effect of these parasitic capacitors. The value
of this capacitor can be chosen with respect to two issues: firstly, to overcome the
effect of parasitic capacitors, and secondly to maintain the impedance matching.

In addition, the effect of pad capacitance lowers the input resistance. Usually,
a pad is modelled by a capacitor. Figure 15(a) shows the equivalent circuit of the
input stage, where R, is the resistance of the transistor. The effect of the parasitic
and pad capacitances cannot be matched just by L, thus another inductor must be
placed in series with the gate as shown in Figure 15.

Let us explain about our LNA| since the transistors are small, then for matching
we used a parallel capacitor (C=113 fF) which can be equal the summation of pad
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Rs Lg

Figure 15: Input stage of LNA: (a) equivalent circuit for inclusion of pad capacitance
and (b) input stage with pad.

(b)

capacitor and Cys. Also, L, is added in the gate that is off-chip inductor. The value
of these components are calculated from Equation 20 with respect to the frequency
of 2.4 GHz.

1 1
n LC n (LS + Lg>(Cgs + Cpad) .
Therefore, after finding out the component values, we began the simulation in

order to obtain the best impedance matching. Figure 16 shows the final schematic
we obtained without considering the pad effect.

wo? (20)

pf 38nH

50 2
éw-—"_’YYW\W—'E M1(3u/0.7u)
e EmH

Figure 16: Input stage without pad.
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Later, after including the bonding pad connection to the schematic the simulation
results changed, thus, we had to adjust the matching network again, and hence the
component values have changed. Figure 15(a) illustrates the equivalent circuit of
used pad connection. in other words, the practical pad connection has some other
parasitic effects than just capacitance as it is depicted in Figure 17.

In 1.55 2n 2.2 Gate

.W_mwTw_I

Figure 17: Pad equivalent circuit in our design.

As a consequence, the components that depicted in Figure 17 have also con-
tributed in impedance matching. Therefore, the repetition of the whole optimization
stages is necessary to gain the best possible input matching. We must admit this
structure degrade the NF of the system while in reality avoiding all parasitic effects
are impossible.

Now, it is the turn of designing the output node of the topology. As explained
earlier, an inductive load connected to the common source stage produces a negative
resistance due to the feedback through Cqp. Thus, we add a cascode transistor in
the output in order to abolish this effect. Figure 18 shows the resulting circuit,
where R; model the loss of Lp. The voltage gain is dependent on the R; and the
circuit transconductance which has been analysed in Ref. [22].

+ vdd

Figure 18: Inductively-degenerated cascode common-source LNA.

However, in our design, we use non-ideal inductor which has its own model like
Figure 19. As the Figure shows non-ideal inductor has capacitance and resistance,
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Figure 19: Equivalent circuit of non-ideal inductor.

therefore Ry and ) can be removed. In this part by using simulations we try
to obtain maximum gain at the resonant frequency of (2.4 GHz). The best option
here is to use a capacitor in output bigger than all parasitic capacitances (drain-bulk
and drain-gate of My and Lp )in order to neglect the effect of parasitic capacitances.
Thus, this capacitor would resonate at resonance frequency with respect to the value
of Lp.

Furthermore, the dimensions of the cascode device are chosen equal to the in-
put transistor. Therefore, in the layout stage since the source of cascode device is
connected to the drain of the input transistor they can be placed on each other.

Finally, the overall LNA appears as shown in Figure 20, where the antenna is
capacitively tied to the receiver to isolate the LNA bias from external connections.
The bias current of M; is formed by Mg and I, and resistor Ry and capacitor
Cg to isolate the signal from the noise of Mg and Ig. Rp is chosen much larger
than Rg to avoid noise contribution. The dark gray box represents the pad that
has been introduced in Figure 17. Moreover, the pad should be placed between all
on-chip and off-chip components and connections such as ground, V,; and the bias
current source. We avoid drawing whole pad equivalent circuit for simplicity and
the convenience of the reader. Table 1 indicates the component values of inductively
degenerated LNA in either with pad consideration or without the pad.

4.1.1 Stability of LNA

The stability is an important issue for an amplifier. It can be determined using
S-parameters, matching network and termination. This system becomes unstable if
either output or input sees negative impedance [25]. The stability of a system can
be determined by Stern stability factor,

o L= 1Sul =[S + Al
2|S12521|

(21)

where the A = 51159 — S125. A system is stable provided that two important
conditions K > 1 and A < 1 are valid. Based on the Equation 21 the designed
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Figure 20: Equivalent circuit of non-ideal inductor.

inductively degenerated LNA is stable since K = 980 and |A| = 0.1.

4.1.2 Simulation result

Here in this section obtained simulation results have been collected and shown.
Figure 21 shows the simulated characteristics of designed LNA drawn in Figure
20. Obtained gain is demonstrated in Figure 21(a), Figure 21(b) indicates achieved
return loss (S11), and Figure 21(c) shows the noise figure (NF) of this topology. Fur-
thermore, simulated gain, 1-dB comparison point and ITP3 of the LNA are collected
in Table 2. Further, In Figures 22(a) and 22(b), S1; and NF in the two situations
with and without pad effect have been shown. As it can be seen and explained, NF
is slightly smaller when we have not considered pad affects in addition to the NF,
input band-width has compressed.



Table of transistor parameters and component values
Component in simulation without pad | in simulation with pad
Ium Ium
M1 O.OI;um 0.0l’;um
dum dum
M2 0.0¢/¢m 0.0/;,um
2.8um 2.5um
MB 0.07/;m U.O?l:zm
Iy 70 pA 55 nA
Ry 7 KQ 7 KQ
Supply Voltage 1.2V 1.2V
L 1 nH 1 nH
Lq 2.95 nH 5.16 nH
L, 38 nH 16 nH
C’out 960 fF 480 fF
Cy 113 fF 260 fF
Ch 2 pF 10 pF
Cy - 2.2 pF
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Table 1: Component values of LNA in both conditions when the pad has considered

and has not.

Simulation results table

]dc 70 /LA

Supply Voltage 1.2V

T 95 puA

Py 114 pW

1 — dB compression point | -18 dBm
BW 130 MHz

NF 5.09 dB
11P3 -8.44 dBm

Gain 17.33 dB

Table 2: Obtained properties of single-ended LNA.
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Figure 21: Properties of Single-ended amplifier with pad inclusion.
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Figure 22: Comparison of single-ended amplifiers with pad inclusion and without

pad.
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4.2 Differential cascode LN A

In previous sections, the advantage of the double-balance mixer compares to the
single-balance counterpart have been explained. Furthermore, we discussed that
in practice with our technology using differential LNA is more efficient than using
single-ended LNA. Additionally, the preference towards using differential LNA ar-
chitecture due to the ability in rejecting common-mode noise is derived in Ref. [41].

Therefore, we duplicated our single-ended LNA to provide fully differential LNA
with the same characteristics which we had for the single-ended LNA. Figure 23
demonstrates the differential LNA schematic and Figure 24 shows the simulation
results of this system.

vdd Vdd

Outt vid Out? Vdd

iy I Upe L]

J_-_Cout ;C out

o IJ(D o Ih(>
‘;M—“T . _Ervn —vWT|Rb AL ‘I"L"T . _':m —MT|Rb VB
;Lz a _l:cz Ch

;Cg E“' -:l_ = ;Cﬂ E“—" ; =

Figure 23: Differential LNA which consists of two single-ended LNA that introduced
in the previous section.

Moreover, In Table 3 the simulated performance of the designed LNA is compared
with other similar LNAs found from the literature.
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Figure 24: Properties of differential amplifier with pad inclusion.
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Comparison Table

Parameter LNA of This work [42] [43] [44] [45]
CMOS Technology 65 nm 65 nm 18 pm 18 pm 13 pm
Frequency 2.4 GHz 2.45 GHz | 2.57 GHz | 2.44 GHz | 2.4 GHz
Gain [dB] 17.5 27.5 16.6 12.5 13.1
NF [dB] 6.5 9 3.5 3.9 5.3
Sy, [dB] 22 - - 16 -
Supply Voltage [V] 1.2 0.8 1.8 1.8 0.4
Py 228 uW 100 pW | 12.6 mW | 2.7 mW | 60 W
[IP3 [dBm] -8.44 -9 - - -

Table 3: Result comparison of various LNA design.
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4.3 Mixer design procedure

In this section, we discuss some practical steps in the design of the down-conversion
mixer that we have chosen and also some details of simulations. Furthermore, mixer
properties and then the obtained results are shown in Tables 4 and 5, respectively.

In this work according to what we have discussed earlier in section 3, we decided
to choose the active double-balanced mixer, Gilbert-cell mixer, as depicted in Figure
10.

As we explained overdrive voltage and operation region of the transistors are
very important in mixer performance. Therefore, transistor sizes in both transcon-
ductance and switching stages are significant. We start our design with some simul-
taneous changes for the size of transistors and bias voltages in order to ensure that
all transistors are performing in the active region. Moreover, the value of R should
be selected carefully, since very large value reduces voltage head-room of switching
transistors and small one degrades the conversion gain. In Table 4 mixer properties
has been gathered and shown.

Table of component values of Figure 10
Component in simulation without pad | in simulation with pad
M T.5um 3um
RF 0.07pum 0.07pm
2.4um Jum
Mro 0.0771,771 o.ol;um
VBias.Lo 1.2V 1.2V
VBias,RF 700 mV 700 mV
fRF 2.4 GHz 2.4 GHz
fro 2.41 GHz 2.41 GHz
R 4 KQ 4 KQ
Supply Voltage 1.2V 1.2V

Table 4: Table of Gilbert mixer value when the pad has been considered and has
not.

Furthermore, ideal LO waveforms are a square wave from a zero source impedance
with a large voltage swing, the time which four devices are on at the same time is
zero. This guarantees for fast switching and then maximum conversion gain. How-
ever, at very high frequency, the LO wavefront is similar to a sinusoid, therefore
there is a period of time that all transistors are on which causes wasting of the input
signal. As a result, we choose large amplitude for LO so as to achieve high slew rate
and minimize overlap time [22].

Our desire is to design direct-conversion mixer, but due to some simulation
problems in zero frequency we select LO frequency close to the RF frequency but
not equal to it, as it can be seen in Table 4.

Now, after ensure about the DC operation of all transistors we can check other
performance of our topology such as conversion gain, noise figure and linearity. The
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achieved results of the simulation are classified in Table 5. As it can be seen that
the noise of our topology is high, while LNA gain is almost close to the noise of the
mixer, thus it is acceptable.

Table of Gilbert mixer results
Parametert result
Conversion Gain 5 dB
NF 18 dB

11P3 -5.46 dBm

Table 5: Obtained results from simulation of Gilbert mixer.

Now we connect the designed differential LNA and Gilbert mixer. These two
systems are going to be placed on the same chip with a short distance, and since our
frequency is not that high we do not need intermediate impedance matching. There-
fore, we just need to consider the effect of the input capacitance of RF transistor of
mixer in the output of LNA. Additionally, we need to add a coupling capacitor to
block DC and to be shorted in AC. Figure 25 illustrates the whole circuit.

In this design, we have used the same pad as in the LNA, therefore the com-
ponent values and results in both with pad and without pad design are collected
and indicated in Table 6. Additionally, we have to remind the reader that, the pad
should be connected to all nodes which are going out from the chip. However, as
in LNA design, we avoid drawing all pad connections in Figure 25 in order to have
more understandable and clear schematic view.

Furthermore, some simulation results of this architecture such as (%)
conversion gain of LNA+ mixer and (%), conversion gain of mixer and noise
(NF) are shown in Table 6. Corresponding figures from the simulations of the whole
system are shown in the next section in Figure 31 in order to ease the comparing of

pre-layout and post-layout simulation results.



Table2 of component values of Figure 25

Component in simulation without pad | in simulation with pad
Mgy O}d?ZTm 01.65%;;
Mro 02.'047/2% 02,5‘%

M, Gorm Torm
M, 0.%)I;7:m 0.?()#Tm
Ms 02.68771”; 0%6%%
Vs 1.2V 1.2V
gm RF 460.8 pv 709.3 pv
Im1 1.04 pv 987 pw
Vin,re 585.2 mV 583.5 mV
VibLo 657.7 mV 651 mV
Iy 70 pA 55 pA
VBias,LO 12V 1.2V
VBias,RF 700 mV 700 mV
frr 2.4 GHz 2.4 GHz
fro 2.41 GHz 2.41 GHz
R 6 KO 4 KQ
IRrr 94.5 pA 96 uA
Vir1 —Virz
s e — s
Vir1—VRrr2 ) :
14.4 dB 16 dB
Supply Voltage 1.2V 1.2V
Cout 450 fF 450 fF
C. 2 pF 2 pf
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Table 6: Table of Gilbert mixer value when the pad has been considered and has

not.



33

Vbias,RF

Figure 25: Differential LNA connected to the gilbert mixer.
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5 Physical Layout and Post-Layout Simulation Re-
sults

5.1 Layout design

In this section, the LNA+mixer layout and post-layout simulations are discussed.
The tool used for the layout and post-layout simulation is virtuoso layout editor.
In layout design there are some issues which should be noted in order to obtain
the best performance. Microscopic fluctuations in dimensions, doping, oxide thick-
ness and other parameter cause random mismatches which affect on the component
values. Although these effects cannot be entirely eliminated, but they can be mini-
mized. Therefore, there is a method called common-centroid layout that can be used
in order to firstly reduce some mismatches, and secondly to shrink large devices to
smaller ones with the same properties. The common-centroid layout is the most
useful technique for minimizing stress-centroid mismatches. In this arrangement,
device should be split into two identical parts which are located symmetrically com-
pared to the center axis. Figure 26 shows an example of common-centroid layouts
produced by arraying segments of matched elements along one dimension. This type
of layouts are called interdigitated arrays. Since the sections of one element inter-
penetrate the section of the other like the intermeshed fingers of two hands, more
details about matching and this type of arrangement can be found in Ref. [46].

"

(a)
Figure 26: Example of common-centroid array.

In addition to device mismatches, the wiring also causes parasitic effect in the
circuit. Generally, the on-chip wires are characterized as RC lines, thus the signals
attenuate over the long signal paths, and may also couple to each other. Therefore,
the following considerations must be taken into account to avoid unwanted parasitic
effects.

Firstly, metal selection for connection is an important issue. For instance, the
path between devices and supply voltage must be wide and with low impedance in
order to minimize the voltage variation. This is a noticeable issue since it may lead
the transistors in the triode region and degrade the linearity.

Secondly, to protect the structure from coupling and cross-talk, an appropriate
distance between two metal paths should be always kept. Moreover, we have to
avoid using long parallel paths with the same type of metal.

In our design due to limited number and small size of transistors we prefer to
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use interconnection method. Due to the large size of the resistors, we divided them
to the several smaller resistors and then connected them in series. Therefore, we
created a more compact structure with smaller resistors. The designed resistor Rp
is indicated in Figure 27, the 7 K resistor is divided to the eight 875 € resistors
and then they are connected in series. By the help of this method size of the resistor
has reduced significantly.

=

= =
e

Figure 27: Modeled Rp layout.

Initially, we started with the single-ended LNA layout, we tried to design sym-
metrical architecture to minimize the parasitics and size of the structure. During
the design we run DRC (design-rule-checking) Calibre regularly, to be sure that the
designed layout satisfies the parameters of design rules such as proper distances and
size of elements. After that, LVS(Layout versus schematic) Calibre was run in order
to confirm the similarity of layout and schematic. The parasitics of the designed lay-
out was extracted by running PEX Calibre, and then these parasitics were imported
into the simulation as in section 5.2.

After finding proper performance from the single-ended layout, with duplication
the differential LNA layout was created. Later, we designed mixer layout as shown
in Figure 28 and then we combined the two systems as depicted in Figure 29. This
Figure shows the final layout of the differential inductively degenerated common
source LNA connected to the Gilbert mixer. Due to the large area of inductors, the
other components are hardly seen.

After all, the on-chip parasitics cannot be completely removed, thus the on-chip
performance usually differs from circuit-level simulation results. Therefore, post-
layout simulations must be carried out in order to obtain more realistic results. The
following section describes the post-layout simulation results.

5.2 Post-layout simulation results

Here in this section, all of the simulations in previous sections are repeated with the
on-chip parasitic extraction.
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Figure 28: Mixer layout.
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Figure 29: Differential LNA connected to the Gilbert mixer layout.

In Figure 30 the comparison of the pre-layout simulation and the post-layout
simulation of differential LNA is reported. As it can be clearly seen, the results are
very close in both conditions, thus the parasitics do not affect the performance of the
differential LNA so much. However, according to Figure 30(a) The gain of the LNA
in the post-layout simulation has dropped by 2 dB, but it has considerably larger
bandwidth. The second plot illustrates S7; comparison, where the induced parasitics
have changed the matching slightly, thus resonance has shifted gently, while Si;
is still very good at the frequency of resonance. Finally, the noise figure of the
differential LNA has increased approximately by 1 dB based on Figure 30(c). From
all of these results, we can conclude that in the LNA layout design, we relatively
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eliminated the parasitic effects in good extent.
Finally, the post-layout simulation results of the whole system are compared with
the simulation results of the pre-layout simulations. Table 7 reports the conversion
Vir

gain of the system. It is obvious that, the conversion gain ({/~) after consideration

of parasitics has reduced by 4 dB. However the conversion gain of mixer (%)has
not changed considerably. In addition to the table, Figure 31 depicts and compares
the obtained noise figure and S;; of the topology.

Figure 31(d) shows the input voltage of the system versus the IF voltage, and
it is clear that the pre-layout system works linearly for Vj, < 90 mV, while after
consideration of parasitics the linear performance is for Vi, < 40 mV.

Finally, Figure 32 depicts the variations of Sy, NF of LNA and conversion gain
of the whole system in Monte Carlo simulation respectively. From these figures one
can see even by variation of operation points the achieved results are close to the

desired results, therefore designed system is reliable.

Table of conversion gain comparison of whole system

Parameter Pre-layout simulation | Post-layout simulation
Conversion Gain () 3.17 dB 3.2 dB
Conversion Gain (#) 20 dB 16 dB

Table 7:  Achieved conversion gain conversion in pre-layout and post-layout simu-
lation.
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6 Conclusion and Future Work

The main aim of this work was to investigate and to design an ultra-low power LNA
and mixer for a front-end receiver for Bluetooth applications. These structures are
capable to achieve simultaneously high gain, low noise and high linearity using a
65nm CMOS technology. As it was expected ultra-low power system was designed.

In the first part, a very low power single-ended LNA with a proper input match-
ing network was designed which yielded the input return loss of -26 dB and noise
Figure of almost 5 dB. Moreover, this LNA by consuming just 114 uW provides
good gain around 17.5 dB. Then, the fully differential LNA was designed by combi-
nation of two single-ended LNAs. Since the performance of single-ended LNA was
very good, the obtained differential LNA also worked similarly, while it consumed
twice more power, around 228 pW.

In the second part of the work down-conversion active mixer was designed. This
mixer is built so as to work with approximately the same power consumption of
the differential LNA. Therefore, the whole consumed DC power is less than 500 W
which is the lowest power for such architecture until now. Furthermore, the mixer
performed very good as itself alone with the conversion gain of around 3 dB.

In the third part of the design, differential LNA was connected to the designed
mixer. This structure with low power produces 20 dB voltage gain and 6 dB noise
figure.

In the last part, the layout of all explained devices was designed and calibrated.
This level has to be done in order to consider the parasitic effects of the design
and also, simulate the design in the most similar condition to the real chip built
in a factory. The obtained results of post-layout and pre-layout simulations were
compared. Subsequently the enough accuracy of the design is confirmed.

It is worth noting that in continuation of this work, one should design local
oscillator and finalize the receiver design, because this work is a part of the whole
transceiver. Therefore, all blocks must be designed and implemented.
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