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Abstract

A new 24-GHz RF CMOS current-mode receiver integrated with a current-mode
LNA and a current-mode downconverter has been proposed and fabricated in a
0.13-um CMOS technology supported by Taiwan Semiconductor Manufacturing
Company via Chip Implementation Center. The proposed receiver is completely
designed, fabricated and measured.

The measured results exhibit that the receiver can operate well at 24-GHz
frequency range. But is doesn’t achieve adequate performance due to the oversight of
layout. After the FIB solution, the fabricated current-mode receiver has conversion
gain of 12.5dB, noise figure of 13.3 dB, a 1-dB compression point of -15 dBm, and

drains 41.5mA under 1.2 supply voltage with chip area of 1mm?.
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CHAPTER 1

INTRODUCTION

1.1 Background

In the last two decades, the demand for wireless communication technologies has
grown significantly due to the convenient for human life. Wireless communication
systems have made great process from bulky to handy as well as from costly to
widespread. The main driving force toward building high performance radio-frequency
integrated circuits (RFIC) in silicon is the evolution of integrated-circuits techniques.

The Silicon-based technologies, including CMOS and SiGe BiCMOS technology,
can integrate the baseband digital, IF analog, and RF front-end circuits on the same
die to reduce the cost. Comparedito'GaAs processes, the inherent semiconductor
properties of the silicon substrate have the higher parasitic capacitance and the higher
loss with increasing operating-frequency and difficult prediction of passive elements at
high frequency. In despite of these" difficulties;, Silicon-based RFIC is still a popular
solution for SOC design for wireless communication systems. Because the CMOS
technology has the advantages of low cost, high level integration capabilities, low
power and short time-to-market, the CMOS have become a competitive technology for
RFIC implementation of various wireless communication systems.[1]

Due to the growing demand for larger bandwidth and higher data rate motivates
integrated circuits to move toward higher frequencies. RFIC plays the leading roles in
high frequency circuits design. In the past decades, high-frequency circuits, such as
low-noise amplifiers, mixers and power amplifiers, are usually implemented in III
/V-based technologies or bipolar processes due to their superior device characteristics
in high frequency range. However, these processes are usually high-priced and

cannot be integrated with general silicon processes that are adopted to fabricate
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digital integrated circuits. For this reason, over recent years, CMOS technology is
gradually in widespread use to implement an entire communication systems, including
RF receiver front-end and baseband circuits.

K-band is a portion of the electromagnetic spectrum in the microwave range of
frequencies ranging between 12-GHz and 93-GHz. The frequency range of K-band is
between 18-GHz and 26.5-GHz due to the absorbed easily by water vapor (H>.O
resonance peak at 22.24-GHz, 1.35 cm). In the recent year, the desires for fixed
point-to-point multi-Gigabit wireless communication links and short-range vehicular
radar have sparked significant research interest in the 22-29-GHz frequency band. In
this thesis, we focus on 24-GHz circuit design application.

In recent year, some of the RF front-end circuit design has been reported with
silicon-base or III/V-based technologies. All'of them are operated as voltage-mode or
partial voltage-mode operation. Since the current-mode operation has the advantages
of simple structure, lower voltage, lower _power consumption and high frequency
operation, we attempt to design a 24-GHz RF-CMOS current-mode receiver front-end
including a current-mode LNA integrated with a current-mode downconverter for

K-band applications.

1.2 A Review of CMOS RF Receiver Front-End

A radio-frequency receiver front-end generally consists of a low-noise amplifier
(LNA), down-conversion mixer and filters. The LNA amplifies the desired weakly RF
signal which received from antenna while introducing a minimum amount of noise to
the signal. Since the LNA is the first stage in most receiver front-ends, its noise figure
will directly add to that of the system. Mixers perform frequency translation by
multiplying signals. The down-conversion mixers employed in the receive path have
two distinctly different inputs, called RF port and LO port. The RF port senses the
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signal amplified by the LNA to be downconverted and LO port senses the periodic
waveform generated by the voltage-controlled oscillator (VCO) and output a
lower-frequency signal to feed subsequent stages. Thus, the RF port of the
down-conversion mixers must exhibit sufficiently lower noise and high linearity. The
latter nearby interferers are amplified by the LNA and hence can produce stronger
intermodulation products [2]. The frequency of most RF oscillators must be adjustable.
For example, the front-end down-conversion and up-conversion functions must select
one of many channels because a given transceiver is assigned different carrier times.
Thus, the LO frequency in each case must vary in well-defined steps. If the output
frequency of an oscillator can be varied by a voltage, then the circuit is called a
voltage-controlled oscillator (VCO) [2]. The filters will suppress the undesired signals
for baseband circuits receiving messages with-sufficiently low error rate. Fig. 1 shows

the common receiver architecture for example.

Antenna
AN V4 downco
nverter
» LNA /_\ —b@—b /_\ DSP
RF IF
Filter Filter
VCO

Fig. 1 Common receiver architecture.



1.2.1 High-Frequency CMOS LNA circuit
The LNA is the first block of the RF receiver front-end. Thus, LNA must provide
sufficient gain to suppress the noise distribution form the subsequent stages and
500hm input impedance matching. Gain can be provided by a single transistor. There
are three topologies for a single transistor, as shown in Fig. 2. Each one of the basic
amplifiers has many common uses and each is particularly suited to some tasks and

not to others.

VDD VDD VDD

Vin 4' /\ Vout

— Vout Vout |
Vin 4|
Vin

Common-source Common-drain Common-gate
(LNA driver) (Buffer) (Cascode)

Fig. 2 Single transistor amplifier [3].

The common-source amplifier is most often used as a driver for LNA to provide
gain. The common-drain amplifier, with high input impedance and low output
impedance, makes an excellent buffer between stages or before the output driver. The
common-gate amplifier is often used as a cascade in the combination with the
common-source to form an LNA stage with gain to high frequency, but it can be used

by itself as well. Since the common-gate amplifier has low input impedance when it is
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driven from a current source, it can pass current through it with near unity gain
frequency. Therefore, with an appropriate choice of impedance levels, it can also
provide voltage gain [3]. The cascode LNA is shown in Fig. 3 and Fig. 4 is the small

signal analysis of cascode LNA.

VDD

1.

0 Vout

Vbias
M2
=
Lg
Vin o] [~

.
iLS

Fig. 3 Common-gate amplifier used a cascode transistor in the LNA [4] .

Zin _

Ls

Fig. 4 The input impedance analysis of cascode LNA.



From the Fig. 4, we can easily straightforward analyze the input impedance of the

cascode LNA.

1 Om
Z =s(L.+L )+ —+="0L . 1
in (s g) sC C s ( )

os os
Note that Ls contributes a real term to the input impedance through interaction with Cgys
and gm:1. By choosing Lg4+Ls to resonate with Cysto create conjugate matching at the
input. The inductor Lp provides significant voltage gain. The common-gate transistor of
the cascode LNA, M2, plays two important roles by increasing the reverse isolation of
LNA: (1) it lowers the LO leakage produced by the follower mixer and (2) it improves
the stability of the circuit by minimizing the feedback from the output to input [2]. But
the topology of the common-source with inductive degeneration will degrade it
performance substantially at higher frequency comparable to @r due to the noise

factor, Fmin and effective transconductance, Gy, are linearly related to the working

frequency, @, and 1/a,, respectively [5].

VDD

0 \/0out

Lg

M1 =T

L
?LS

(a)

Fig. 5 The high frequency effect of the cascode LNA topology [6].
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Above 20GHz, the pole at the drain of M4 of the cascode LNA showing in Fig. 5
shunts a considerable portion of the RF current to ground, thereby lowering the gain
and raising the noise contributed by M. Furthermore, the small degeneration and gate
series inductances (50-150 pH) required for the input matching make the circuit very
sensitive to package parasitic. The above observations suggest that the LNA must
contain a single transistor before voltage amplification occurs [6]. Therefore, all of the
high frequency LNA circuit design for applications at high-gigahertz range must use a
single stage transistor as a first stage amplifier to provide sufficient gain amplification.

For example, the 3-stage common-source amplifier is also a popular topology of LNA

[7].

Vda
Cs
I Lo
Laz C4
Lt % I—I:I RFouTt
- i
C1 +—— Cs Coars
RFw [ HHT—— ¢ T
i Ly Le3
TCpar Ls2
¥ Lst =
= T
=
Vhias
|| i

Fig. 6 The simplified schematic of 3-stage common-source LNA [7].

Because the gate-source and gate-drain parasitic capacitances of the

common-gate (CG) LNA are absorbed into the LC tank and resonated out at operation
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frequency. Due to the constraints of input matching, the CG LNA has a lower bound of
1+y for perfect input match, where y is the channel thermal noise coefficient. Therefore,
to the first order, the noise and gain performance of the common-gate stage are
independent of the operation frequency, which is a desirable feature for high
frequency design [6], [8]. For example in the [8], a 24-GHz CMOS LNA is designed
with common-gate with resistive feedback (CGRF) topology. It adds an external
resistor, Ry, to the traditional CG LNA in parallel with the input transistor to improve its

noise performance, as Fig. 7 shows.

Vau

V!n

(Im+Gmp)Vs
.

Vﬂ.rp L™ " gﬂ- r_:“J L
g-L S

(b}
Fig. 7 Common-gate with resistive feedthrough LNA. (a) Schematic. (b) Small-signal

equivalent circuits [8].



Fig. 8 shows the 24-GHz CMOS three stage LNA with a CGRF topology as the
first stage [8]. The first stage employs CGRF topology, where shunt inductor L,
resonates the capacitive coupling while introduces a feed-through resistance between
drain and source of M4. A capacitor C; isolates the dc level of source and drain. The
second and third stages are both common-source with inductive degeneration

amplifiers which are used to enhance the overall gain.

Fig. 8 Three stage LNA with a CGRF topology as the first stage [8]

In recent report about high frequency LNA topology, all of them use a single
transistor as the first stage and are realize by voltage-mode or partial-voltage
operation. Therefore, we make an attempt to use the current-mirror amplifier to
perform a LNA. The current-mirror is also a single stage transistor, not a cascode
topology. Because it can bias itself, it doesn’t need extra biasing voltage point.
Therefore, we use two stage current-mirror amplifiers to realize a LNA. The first stage
is a current-mirror with an inductor shunt feedback to provide an input matching and
lower the noise figure. The second stage is also a current-mirror amplifier which is
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used to enhance the overall gain level. The current-mode LNA with a current mirror
topology would be described in chapter 2 particularly. And it has a power gain of 17.1
dB and a noise figure of 3.4dB consuming 9mA from 1.2V supply voltage in the

post-simulation result.

1.2.2 CMOS Down-Conversion Mixer

The purpose of the mixer is to convert a signal from one frequency to another. In a
receiver path, this conversion is from radio frequency to intermediate frequency.
Mixing requires a circuit with a nonlinear transfer function, since nonlinearity is
fundamentally necessary to generate new frequencies. Therefore, if an RF input
signal and a LO signal are passed through a system with second-order nonlinearity,
the output signals will have components at the sum and difference frequencies. A
circuit realizing such nonlinearity_could be-as a simple as a diode followed by some
filter to remove unwanted signals. On the.other hand, it could be more complex, such
as the double-balanced cross-coupled circuit,.commonly called the Gilbert cell. In this
section, we will focus on CMOS Mixer.

The simple switch used as mixer is shown in Fig. 9. Fig. 9 shows that the output is
equal to the RF input when S1is on and zero when S;is off. Note that the circuit is a
linear, time-variant system with respect to RF port and a nonlinear, time-variant
system with respect to the LO port. The Fig. 9(b) incorporates a MOS switch to
implement the Fig. 9(a). As the RF input signal varies, the gate-source overdrive
voltage of M1 and hence its on-resistance change, introducing nonlinearity in the

voltage division between M and R|.
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(a) (h)
Fig. 9 (a) A simple switch used as a mixer, (b) implementation of switch with a

NMOS device.

The most popular mixer topology in the low-gigahertz range is the
double-balanced cross-coupled circuit, Gilbert cell as shown in Fig. 10. The Gilbert cell
consists of transconductance stage,, differential switching pair and load. The
transconductance stage generates current.in proportional to RF signal. The differential
switching pairs perform the 'chopping operation of the current output of the
transconductance stage and thus-down-convert the RF signal into the IF band. In
order to drive differential pairs sufficiently:to turn on and turn off, the LO signal strength
should be large enough. If the LO signal is a square wave signal, the IF output current

and conversion gain is found easily as the equation (2).
: oA 1. 2
lie = 9miVre SIN @ge (;)(Sm ol + gsm Opt+..) = . UmiVre COS(@re — @)t (2)

Thus, the conversion gain is equal to 2/t*gm1R..
The double-balance mixer shown in Fig. 10 (b) can eliminate the even-order

distortion but its power consumption is also double.
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VDD
—o0 Vi o——
RD RD

V[F M5 M6
—[w v J— [ v "
+ +
Vio
o

e i

(@)

Fig. 10 Gilbert cell mixer.(a) single-balanced, (b) double-balanced.

The conversion gain of Gilbert cell mixer is-proportional to R.. If RL is larger, its
conversion gain would be larger with a larger voltage drop. Thus, the current-reuse
bleeding mixer [9] bleeds the driver stage current with a current source, the current
source being used as part of the driver stage. This topology would provide the better
performance in terms of conversion gain, linearity, noise figure and LO isolation. The

detailed schematic of current-reuse bleeding mixer is shown in Fig. 11.
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— | -

(e,

RFO—l MI

Fig. 11 Schematic diagram_of single=balanced mixer with current bleeding
For high frequency mixer,the single-end.transconductance mixer is very popular.
All of the single-end transconductance mixer could approximately be divided into two

portions shown in Fig. 12, gate-pumped and drain pumped mixer respectively.

LO
Vbb
LO matching,
L IF filtering

RF match.ing IF IF matchin ¥

LO filtering IF filtering LO filteri .
RF iltering

RF o————]

LO : RF matching ,

LO matching IF filtering,

RF filtering - Gate bias =3

(a) (b)

Fig. 12 The simplified schematic of single-end transconductance mixers. (a)

gate-pumped mixer. (b) drain-pumped mixer.
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The gate-pumped mixer operates in the saturation region with Vgs close to the
threshold voltage Vi, where maximum nonlinearity variations of gm are achieved.
Since the LO power would apply with RF signal together and the LO and RF frequency
are close for down conversion mixer, the LO to RF and RF to LO isolation are very
poor. Typically, the single-gate mixer have one major practical implementation
problem which requiring a hybrid power combining circuit to combine the LO and RF
signals. Due to the high frequency operation, the hybrid can be easily integrated
on-chip. The quadrature balanced mixer that consists of two unit single-end

gate-pumped mixer and a 90° branch-line hybrid is shown in Fig. 1.

Vds

90° @LO %%H

L=30um | : MN o IF+
Z0=400Hm L=100um |—|
Z0=600Hm L=20um
LO o V,0=600Hm —
Vds
L=340um L=120um v | |
Z0=400Hm Z0=600Hm &
90° @LO 3nH
RF © : MN o IF-
L=320um L=100um | | [
Z0o=400H Z0=600Hm | |
L=30um L=20um |

Z0=600Hm Zo=600Hm

Fig. 13 Simplified circuit diagram of the single-gate quadrature balanced mixer [10]

For drain-pumped mixers, it's LO power is fed at the drain of the transistor.
Consequently, gm is a nonlinear function of V4. The drain-pumped down-conversion
mixers have a significant advantage compared to the gate-pumped approach. The RF

and LO frequency, which are close to together, are injected at different ports. Thus, the
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simplifying the filtering circuit would improve the LO to RF and RF to LO isolation [11].

00— H~ 5

r={-1
270fF 1 221
E E LO matching,
0.3nH ! ¢ IF filtering 3nH
O O R
(] (]
v ,mm, —O IF
270fF - E
............... 1, n —t
RF © ' i1 ' I H == §.2pF
' ]| ' | ‘ ]
' ' ' g
! 0.25nH ' -
' ' y :
! ' = eeecccceaooll
Ve o-'\N\,— ] IF matching,
(] (]
] ] LO and RF
50 Ohm
E p— 101513 filtering
' '
(] . (]
] =y ]
] [ ]

RF matching,
IF filtering,
Gate bias

Fig. 14 Simplified circuit schematics of the passive drain-pumped resistive mixer [11]

In above discussion, the most of the CMOS RF mixers are realized by
voltage or partial-voltage method. No current-mode approach is discussed for mixer
design in high frequency domain. Therefore, a new approach of current-mode mixer is
proposed in this thesis. The current-mode mixer is realized the down-conversion
function with the multiplication between the RF and LO current signal. The operation

method would be introduced in chapter 2 in detail.
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1.3 Motivation

Early circuit design principles and techniques for current-mode processing, such
as the translinear circuit principal introduced by Barrie Gilbert in 1972 is becoming
powerful tools for the development of high performance analogue circuits and systems.
The current conveyor is an extremely powerful analogue building block, combining
voltage and current mode capability. In recent year, the current-mode circuits and
sub-systems have a better performance in much application such as continuous-time
and sampled-data filters, A/D and D/A converters, and current-mode neural networks.
From above descriptions, we believe that current-mode system would also have the
better performance in radio-frequency system. Thus, we would develop a new
approach, current-mode operation, to design a 24GHz front-end circuit design with

TSMC CMOS 0.13um technology.

1.4 Thesis Organization

Chapter 2 proposes a new -approach of current-mode receiver front-end,
including the current-mode low-noise amplifier and current-mode mixer, and
simulation results. Chapter 3 would illustrate the layout considerations, measurement
considerations and setup and experimental results. Finally, the conclusions and future

works are described in chapter 4.
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CHAPTER 2

CIRCUIT DESIGN AND SIMULATION RESULTS

A new design approach, current-mode operation, will be proposed in this chapter.
Using such approach, a low-noise amplifier and a down-conversion mixer are
designed and implemented in TSMC 0.13um technology. This chapter is organized as
following. In first two sections, the operational principles and design considerations of
the current-mode LNA and mixer will be described in detail. Then, the post-simulation
results would be illustrated in the last section. Fig. 15 shows the block diagram of the
receiver front-end and the circuit blocks implemented in this work also are marked in

this figure.

24GHz RF
signal
@-50dBm

Fig. 15 Block diagram of the current-mode receiver front-end

The current-mode LNA consists of two stages and each is a current-mirror
amplifier. The first stage uses a feedback inductor for input impedance and noise
matching. The second stage is used to enhance the overall gain performance. The
current-mode mixer consists both of I-sum and I-square circuit. The RF frequency is
24-GHz and 5-GHz is selected as the IF frequency.
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2.1 Current-Mode Low-Noise Amplifier

Due to the leakage current of parasitic capacitance, the LNA must contain a
single transistor before voltage amplification occurs [6]. Therefore, most of LNA in
recent report above 20-GHz would use a single transistor as the first input stage
[8]1[21][22][23]. However, all of them are realized by voltage-mode or partial-voltage
mode operation. Therefore, a new approach of current-mode operation is proposed
and performs a LNA. The current-mirror amplifier is also a single stage transistor, thus
the current-mirror amplifier could also avoid the leakage current of parasitic
capacitance. The 2-stage cascade current-mirror amplifiers are employed to

implement a current-mode LNA.

2.1.1 Operational Principle and Design Consideration

The LNA amplifies the desired weakly-RF signal received from an antenna while
introducing a minimum amount of noise to_the signal. Since the LNA is the first stage
in the most receiver front-ends, its neise figure would directly add to the noise figure of
the system and it must provide an input impedance matching for the maximum power
transference.
The first stage of current-mode LNA is a current-mirror amplifier with a feedback
inductor to improve the input matching and isolation. The second stage is also a
current-mirror amplifier which is used to enhance the overall gain level. Thus, the
current-mode LNA could be fed the desired RF current signal and generate a greater
output current signal with a minimum amount of noise. And the output current signal of
current-mode LNA can be injected into the current-mode down-conversion mixer

directly.

-18 -



2.1.1.1 Input Matching Network

The first input stage of current-mode LNA is shown in the Fig. 16(a) and Fig. 16(b)
is the small signal equivalent circuits. The value of inductor L4 is chosen to resonate
with the total capacitance seen at the drain terminal of M. Therefore, the input current
signal can be fed into the transistor of M1 and use the current mirror pair of My and M,
to amplify the current signal. For the same reason, the value of inductor L2 is chosen
to resonate with the total capacitance seen at the drain terminal of M2. Thus, the
output current signal can be fed into next stage. The inductor L3 provides the shunt

feedback loop to improve the input impedance and isolation.

VDD_LNA VDD_LNA
Zin

' ng L2 g

'

'

- 1 L3

1 * m‘ * O Vout

Iln Rs

M2

(@)
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C
sLy gmiVt > gm2Vt sL,

(b)

Fig. 16  Current-mirror amplifier with inductor feedback. (a) schematic (b) small

signal equivalent circuits.

From Fig. 16(b), we could directly. derive the value of input impedance of this

stage.

skysl,

L, + L,

+ (G byt Gmals + 9 Ls) + Szcgst (L, + L)

L,+L
When 1+%—a)zcgst(L2+LS)=0, the above equation can be simplified to

1

equation (4).

L,+L 1
in = 3 2 = L (4)
gm1L1+gm2L2+gmlL3 2
gm1+ gm2
L, +L,

Because the size ratio between the transistor of My and M, is chosen to decide
the ratio of current amplification, the suggestion is to choose the minimum size of

transistor My. Because the value of inductor L, is chosen to resonate with total
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capacitance seen at the drain terminal of M., the inductor value of L; is fixed.

Therefore, the value of input impedance can be modulated by change the value both
of the transconductance of M, and the value of inductor Ls. But, the value of
transconductance gmy is involved with the gain, noise figure and power consumption
performance. So, the choice of size value of transistor M2 needs to be considered in
detail. Therefore, the value of inductor L3 is the most important key element to adjust
the input impedance. The feedback inductor is used to improve the isolation and input
matching. Therefore, only one feedback inductor is needed to use in the first stage of

current-mode LNA to provide input matching and fine isolation.

2.1.1.2 Noise and Linearity

Low noise figure, low power consumption, high linearity and high gain are the
fundamental characteristic in-LNA circuit design. But the noise figure, linearity and
gain are trade-off with each: other for the fixed power consumption. Hence, the
optimum value of noise figure, gain.and linearity can not be achieved at the same
time.

Due to the cascade topology of current-mode LNA, it is significant to understand
the effects of cascading on figure-of-merit, such as noise figure and linearity. It is
known as Friis’s equation [12] that the noise figure of a cascade of signal blocks can

easily be shown in the following equation.

- NF. -1
NFtot:NFl+NF2 l+...+ o
A A A

pl =" Tp(m-1)

pl

where NF, is the noise figure of the m™ stage evaluated with respect to the driving

impedance of the preceding stage and Ay, is the power gain if m™ stage. Therefore,
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the noise contributed by each stage decreases as the gain preceding the stage
increases, implying that the first few stage in a cascade are most critical. Similarly, we
could estimate the linearity of two stage current-mirror amplifier. The production if
intermodulation distortion in each stage is complicated. With some simplifying

assumption, we could obtain the following equation [2].

2 2 2
1 1 Apl n Apl Ap2

2 ~ 2 2 2
AIP3 AIP3,1 AIP3,2 AIP3,3

(6)

Where Apz n denotes the input-referred third-order intercept point of the n™ stage and
Apn is the power gain of the n" stage. According to the equation (5) and (6), the
trade-off between noise figure and linearity are-involved with power gain. For example,
the noise figure would reduce-and linearity worse with a greater power gain. Therefore,
the maximal power gain is not the.best value. The design issue of the current-mode
LNA is to achieve the lower noise figure and a greater power gain with a suitable
linearity.

Since the noise figure in the first stage of current mode LNA would directly add to
the system. Thus, the first stage of LNA would be performed with a low noise figure
and greater gain. Then, the second stage would enhance the overall gain and achieve
high linearity performance. However, the biasing voltage and transistor size would be
involved with both of the power gain and noise figure performance. Therefore, the
biasing voltage and transistor size need to choose carefully.

The noise contribution would be discussed in detail in the first instance. The
dominant noise contribution brings from the MOS transistor. Therefore, the noise
contribution of the CMOS device would be introduced clearly. The standard CMOS
small signal noise model is shown in Fig. 17 [13] and the noise calculation would
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adopt this noise model.

Vi, Ca
G R, ' D
o
—()- Wy o | ~
2 —t— -2
IZ Cgs -T Vgs nggS Id I,
S

Fig. 17 The standard CMOS small signal noise model [13].

The dominant noise source inithe CMOS device is channel thermal noise. This
source of noise is commonly modeled as.a shunt-current source in the output circuit of

the device. The channel noise is white with a power spectral density given by

iZ
ﬁ =4KT 40 (")

The parameter of gqo is the zero-bias drain conductance of the device and yis a

bias-dependent factor that, for long-channel devices, satisfies the inequality

2
f<y<1 8
357 (8)

The value of 2/3 holds when the device is saturated and the value of 1 is valid
when the drain-source voltage is zero. For short-channel devices, however, y does
not satisfy equation (8). In fact, y can be much greater the 2/3 for short-channel
devices operating in saturation [14].

This excess noise may be attributed to the presence of hot electrons in the
channel. The high electric fields in sub-micron MOS devices cause the electron
temperature, Te, to exceed the lattice temperature. The excess noise due to carrier
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heating was anticipated by van der Ziel as early as 1970 [15].

Then, an additional source of noise in MOS devices is the noise generated by the
distributed gate resistance [16]. This noise source could be modeled by a series
resistance in the gate circuit and an accompanying white noise generator. By
interdigitating the device, the contribution of this noise source could be reduced to

insignificant levels. For noise purposes, the effective gate resistance is given by [17]
R W
9 3n’L

where Ro is the sheet resistance of the polysilicon, W is the total gate width of the

(9)

device, L is the gate length and n is the number of gate fingers used to layout the
device. The factor of 1/3 arises from a distributed analysis of the gate, assuming that
each gate finger is contacted only at one end. By contacting at both ends, this term
reduces to 1/12. In addition, this-expression:neglects the interconnect resistance used
to connect the multiple gate fingers together. Interconnect can be routed in a metal
layer that possesses significantly lower.sheet resistance and hence is easily rendered
insignificant. Its significance is further reduced in silicided CMOS process which
possess a greatly reduced sheet resistance, R-. Due to the TSMC CMOS 0.13um
technology which is a silicided CMOS process, the noise source of gate resistance
would be neglected when calculating the noise contribution.

The gate-induced noise is proceeded to introduce. When the device is biased so
that the channel is inverted, fluctuations in the channel charge would induce a
physical current in the gate due to the capacitive coupling. At frequencies approaching
o, the gate impedance of the device exhibits a significant phase shift from its purely

capacitive value at lower frequencies. This shift could be accounted by including a

real conductance, gq4, and a shunt noise current, igz. Mathematical expressions for

these sources are
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«Q r

— KT &Y, (10)

>

2,2
@°C

- 540

g, (11)

where 6 is the coefficient of gate noise, classically equal to 4/3 for long-channel
devices. The equations of (10) and (11) are valid when the device is operated in
saturation. However, in the gate noise expression, gq is proportional to ®? and hence
the gate noise is not a white noise source. Therefore, Fig. 18 is the simplified small
signal noise model which neglected the Cgyy capacitance for convenient estimation.

The Fig. 18 would apply to estimate the noise contribution of current-mode LNA.

o - 2
e Vgs nggs | d

a ol
M

9

|

n

Fig. 18 The simplified small signal noise model.

The noise performance of a circuit is usually characterized by a parameter called

noise factor (F) or noise figure (NF =10log F ) that represents how much the given

system degrades the signal-to-noise ratio [18].

SNR,,
SNR,,,

F=

(12)
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3 Total output noise power
Total output noise power due to souece only

(13)

The simplified schematic diagram of noise source distribution of input stage is shown

in Fig. 19. And the small signal equivalent circuit for noise calculation is shown in Fig.

20 where the channel thermal noise power of the m™ MOS device isﬁ equal to

4kTy9y, - the gated-induced noise power of the m™ MOS device is |§_m equal to

2,2
w°C -
#T and the thermal noise power of Rs is i2 equal to ﬂ
5ng,m ) Rs
VDD_LNA VDD_LNA
Zin
' L2
' L1
(]
: c1 i
(TR Iout
| | X
i

7|
—©H
P
w
2|
Z
=

-<t----
L3 | -
: I M2 i2

Fig. 19 The noise source distribution of the input stage.
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Fig. 20 The small-signal circuit of input stage for noise calculations.

For noise calculation, the output noise power is estimated with some of the
reasonable assumption. First, the inductor, L1, would resonate with the total parasitic

capacitance at X node including the'Cgs 12! Second, the inductor, L3, would resonate

with Cqa2. From the diagram of Fig. 20; the output noise power i’

n,out

could be driven

as following equation (14).

iriout ~ (iés + ijl + i;,lz)*(Rs //Zin)z *9512 + ijz (14)

Due to the definition of equation (13), the noise factor of input stage of the

current-mode LNA is presented as the following equation.

i2
|

NF = — n,out
ie, * (R Z3,)" * Oy
22

wC 79
*L4 R (uos + 67— ) +R* v
s (9o 340, I+ R (R, //Zin)z*gfiz

(15)

From above equation, the noise figure performance is involved with the Cgs, gdo,
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operating frequency and input impedance, Zj,. However, the value of Cgs is
proportional to the size value of transistor. The biasing voltage would influence the
value both of gqo and Zj,. In order to obtain the minimum noise figure, the optimum
value both of transistor size and biasing voltage would be chosen with the simulator

tools. The setup of NFm versus Vgs simulation is shown in Fig. 21.

¥ V.DC
+| SRC1
_ Vdc=1.2
V_DC :l;
—| SRC3 —
— Vdc=VGS V | Probe
+ IDS
; )|
L2 C
C L=1.0H C1 +¢ Term
C2 . R= C=10uF Term2
C=10F ' Num=2
Z=50
)| |
/1 ] -
+1 5 —
§ Term TSMC_013RF_CYWU_NMOS_RF
Term1 - . M1 B
Num=1 — mo_del—nmos_rf
- 7=50 wr=1.2 um
= [r=0.13 um

nr=nr

Fig. 21 The setup of NFmi, versus Vgs simulation.

The parameter of nr is the finger number of transistor. The simulation results are
shown in Fig. 22, the diagram of minimum noise figure versus biasing voltage, Vgs,
with different transistor size. Then, the simulation result of the power gain, dB(S(2,1)),

versus Vgs with different transistor is shown in Fig. 23.
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Fig. 22 The simulation result of minimum noise figure versus Vgs,
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Fig. 23 The simulation result of dB(S(2,1)) versus Vgs.
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From the simulation results, the noise figure would be worse with both of the
larger transistor size and higher biasing voltage. But the power gain performance is
greater with larger transistor size and biasing voltage. Thus, the minimum noise figure,
power gain and power consumption are a trade-off. The design issue in this thesis is
to achieve the lower noise figure with a suitable power gain and acceptable power
consumption.

The linearity of the transistor is also involved with biasing voltage. Unfortunately,
in the condition of the best noise figure performance is always the worst case of
linearity performance. The Taylor series is used to expand the drain current. The drain

current in Taylor expansions could be expressed as following:

ids(VGS)z IDS(VGS)+nggs+g;nvg25+g:nvgs+"' (16)

The third-order intercept point (Aipz) of gate voltage amplitude is shown as the

following equation.

4

U
3l

A_. =
1P3 g

(17)

where gn, is the transconductance of transistor and g is the second-order

differential of transconductance. And the simulation results about g, and g _ are

shown in Fig. 24.
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Fig. 24 The transconductance of transistor device.

From the simulation result‘of Fig=24;.the worst case of the third-order intercept
point occurs at the biasing voltage of 550mV. But;:the biasing voltage of 550mV is the
best value of noise figure perfermance. . Erom the simulation results of Fig. 22, Fig. 23
and Fig. 24, the value of biasing voltage is.chosen as 650mV with a lower noise figure,

suitable power gain, acceptable power consumption and linearity.

2.1.2  Circuit Implementation

Fig. 25 shows the schematic of current-mode LNA in the receiver and Table(i) list the
detailed parameters of each device. In the schematics, the MOS transistor pairs of
M, » and M3 4 operate as the current-mirror amplifier. Due to the different power supply
voltage between LNA and Mixer, the MOS transistors of Ms, Mg and My are the diode
connected MOS transistors employed to provide a suitable voltage drop for the same
supply voltage in LNA and downconverter circuit. The inductors of L4, L, and L3 would

resonate with the total capacitance seen from the drain node of M4, My and My,
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respectively, to present high impedance for the RF signal. Also, the inductors of L4, L,
and L3 behave as DC current source. They provide the necessary DC bias current
without requiring extra voltage headroom. Besides, an additional advantage is to
nullify the parasitic capacitances of the MOS transistors, resulting in an improvement
of the noise figure [19]. The inductor of L4 is used to provide an inductor shunt
feedback to improve the isolation and the input matching. Therefore, only one
feedback inductor is needed to use in the first stage of current-mode LNA to provide
input matching and fine isolation. The capacitor of C1 and C, are used as the block
capacitors at input and output terminals, respectively. The capacitor of Csis used to

provide a stable AC ground.

Vdd Vdd Vdd

M, [,
P S b
i_ o e e

Fig. 25 The complete schematic of current-mode LNA.
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Table(i) Detailed parameters of the current-mode LNA

M 3 RF_MOS 1.2um*1/ 0.13um

M, RF_MOS 1.2um*44 / 0.13um

M, RF_MOS 1.2um*26 / 0.13um

Ms RF_MOS 5.0um*30 / 0.13um

M 7 RF_MOS 8.0um*30 / 0.13um

Cq Mmcap_um 9.0um*9.0um (89.4 fF )

C, Mmcap_um 7.5um*7.5um (62.996 fF )

L, Spiral_std | rad= 15um w=9 nr=1.5 (297.81 pH )
Lo Spiral_std | rad= 15um w=3 nr=1.5 (314.5 pH )
Ly Spiral_std | rad= 32.5um w=3 nr=1.5 ( 506.7 pH)

2.2 Current-Mode Down-Conversion Mixer

The purpose of the mixer is to convert:a signal from one frequency to another. In
a receiver path, this conversion is from radio frequency to intermediate frequency.
Frequency mixing requires a circuit with a nonlinear transfer function, since
nonlinearity is fundamentally necessary to generate new frequencies. Therefore, if an
RF input signal and a LO signal are passed through a system with second-order
nonlinearity, the output signals will have components at the sum and difference
frequencies. In the past research, most of the CMOS RF mixers are realized by
voltage or partial-voltage method. No current-mode approach is discussed for mixer
design in high frequency domain. Therefore, a novel aspect of current-mode mixer is

proposed in this section.
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2.2.1 Operational Principle and Design Consideration

Most of the high frequency CMOS mixers are realized the down-conversion
function with the multiplications between RF and LO voltage signal. The Gilbert cell
mixers and single-end transistor mixers are the most popular topologies. In this
section, a new approach of current operation mixer is proposed. In opposite to the
voltage mode or partial-voltage mode mixer, the current-mode mixer is realized the
down-conversion function with the multiplication of the RF and LO current signal.
Therefore, the I-sum and I-square circuits are necessary to perform the current-mode
mixer. The I-Sum circuit would sum the current both of RF and LO ports and feed the
output summing current into the I-square circuit to perform the current multiplication of
RF and LO current signal. Fig. 26 shows the block diagram of current-mode mixer and

the operation of circuit blocks in this work also-are marked in this figure.

(IRFcostpt+IL0cosmL0t)2

IRFCOS(DRFt §
—»
l-Sum —{ I-square > /_\ —> Kcosort*cosopot
—>
I ocosm ot

Irrcosoppt+Ipocosmy ot

Fig. 26 The block diagram of current-mode mixer
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2.2.1.1 Current-summing circuit

For the operation of current mixing, the I-sum circuit is used to sum the RF and
LO current signal. Then, the summing current both of the RF and LO port would be
fed into the I-square circuit to perform the current multiplication as the
down-conversion function. The current summing function is operated with two
common-gate transistors connected the drain terminal together. Fig. 27 shows the
I-sum circuit. The Lgq and Lg, resonate with the total parasitic capacitance seen at the
source of the transistor Mg1 and Ms,, respectively. The resonance would provide high
impedance. Therefore, the current signal both of the RF and LO port would be fed into
common-gate transistors to perform the current summing operation. The inductor L3
resonates with the total parasitic capacitance seen at the output node of current
summing circuit. For the same reason, the output current signal of I-sum circuit would
be fed into the current squaring circuit to perform the operation of current

multiplication.

VDD
Sum_out

g Ls3
-oodp

Vbl O—I Ms1 Ms2 I—OVb 1

RF in LO in

----.._l |_<. .....

Fig. 27 The current summing circuit.
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2.2.1.2 l-square circuit
In this section, the I-square circuit would be discussed in detail. Fig. 28 is the

simplified circuit of the current squaring.

Fig. 28 The simplified eurrent squaring circuit.

Before the derivation of the current squaring function, some of the assumptions
would be considered. First, the transistors of Msq1, Msq2 and Msq3 are operated in the
saturation region and all of threshold voltage is the same. Second, the value of
k1(WI/L), is equal to the value of ko(W/L), and k3(W/L)s. Thus, all of them are respected
as the symbol of K. The i, is the ac signal of input current. From the Fig. 28, some of

the equality could be obtained easily.

b =151 (18)

l, =KV, -V,)* (19)
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Iy = K(V, _Vt)z (20)

V, =V, +V, (21)
From the above equation, the equation of I, could be derived as following:

o =y = 1y = KV, = 2V,)(V, =V,) (22)
SV, oV = (23)
K(Vz —2Vt)

Thus, the correlation between V, V, and |, could be obtained. From the

correlation between equation (21) and (23), the value of Va and Vb could attain.

RO 24

2 2K\, —2V,)

Vinzr_ - lar (25)
22K (Vy = 2V,)

=

Intuitively, the summing current of |1 and |3 would have the current squared the

input current, li,,

2
Iin

1
L+l =KV, -2V )
11y =5 K. =2V 2KV, —2V,)’

(26)

Due to the current mirror pair of Msq1 and Msqz, the current |4 is similar with I,.
Therefore, the output current of the I-square circuit is equal to the current of |1+ls.
I 2

in (27)

1
| o=+l =1, +1, ==K, —2V)24—n
out 1 3 2 3 2 (VZ t) 2K(V2 _2Vt)2
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From the equation (27), some of the correlations would be obtained. The value of
output current of current squaring circuit would be in reverse proportional to the value
of V,-2V.. For the same reason, the conversion gain of current mode down-conversion
mixer is in reverse proportional to the value of V,-2V;. Due to the fixed value of V,, the
conversion gain would be decided by the biasing voltage, V.. However, the
performance of linearity is proportional to the biasing voltage. Therefore, the
performance of conversion gain and linearity are trade-off in the design consideration
of I-square circuit. Fig. 29 presents the simulated results about conversion gain and

linearity. From the simulated results, the optimal value of bias voltage V; is about 1V.

—m— Conversion gain
0F = —e— P1dB 1
\.
| .k
\ =P u

—_ u u NG
m O} = / u —40
=) n \.
C -
.g \. T

10 b d.10 o
g 10 o 10 =
82 L i m
= ©
(] —
2 20}k 420 O
8 o« *— o e

| ./ \.\./. 1
30 / - -30
L ]
o
-40 L | L | L | L | L | L -40
0.4 0.6 0.8 1.0 1.2 1.4 1.6

Bias voltage V2 [V]

Fig. 29 Conversion gain and 1dB compression point of current-mode downconverter

Due to the short-channel effect of MOS device, the drain current Ip is shown as

following.

1 W .
lp = :Cou - Vs ~V,)" L+ AVis) (28)
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The velocity saturation effect makes the drain current Ip proportional to (Vg —V; )"

where 1<m< 2. The drain current is correlated with Vps in the short-channel MOS
devices. For the different VDS voltage of VDS1 and VDS3, the function of current
square circuit would be worsened. The equation of I, is shown as (29) and all of the

detailed analysis would be introduced in the appendix I.

AL APV,

2 - 2\/2

|out =2K(V|—iizv)2*[1+ /12\/21 *( 2/12\/2 4 _ZZDD _i\;DD)]
2 ‘ A+ =22+ AVyy) 1+—P2+ AV,
w2 — 20— ANV +£Aﬂ,3V2
DD DD
B 2 * Ay + “
K 2 4 3
2+ AV,
2
+[ /12v2
Q+5 -2+ AVS)
oo, SAVE = 1N G AV,
(v, -2V, 2 3 2 /12\/82 Tawan,
(2+E/1VDD)"‘(1+TDD+/”LVDD)2
K(V, - 2V,)2 * (L+ AV, + 2A0)* (2 + ‘ZAVDD)
J’_
7
22 AL+~ AV + AV,
4(1+/1Y4DD+/1VDD + 2 . ) (29)
2+ Vo
AL, AV,
|12 1 AV 2 4
=1 . o n *{1- *[(L+ AV ) * —22] -
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Thus, the smaller difference between Vps1 and Vpsj3 is the better for the current square
operation. The following figure represents the impact of difference Vps voltage. The
smaller difference of Vps voltage will have the greater conversion gain of
current-mode mixer. Therefore, there are two important issues about the current
square circuit. First, the channel length of MOS devices in the current square circuit
should be chosen as larger channel length to alleviate the short channel effect.
Second, the biasing voltage of current square circuit should be chosen with the
smallest difference of Vps between M1 and M3 MOS devices. While the V; is equal to

Vb, the voltage of Vpss is very close to Vpss.

6| —m— Conversion gain 4035 -
1| —@— [VDS1-VDS3)| i o =
4 T 4030 »
] ® / ] g
2 . 4025 g
g . |
PR=l ' >
5 OGD -0.20 g
®
()] i - Y -
5 g
% 27 q015 2
g d . ] g
S 41 Ho0.10 §
o . _ g
()
6] \ Ho005 &
[a)
| o .
-8 T T T T T T T r T . T . ; 0.00
0.9 1.0 1.1 1.2 13 14 15

Biasing voltage V2 of current square circuit [V]

Fig. 30 The impact of difference of Vps voltage

The drain current Ip of MOS devices may not a quadratic equation of Vgs Fig. 31
compares the difference of drain current between the modified quadratic equation of
Vss-Vi and model definition. Below the bias voltage of 0.8V, the differences are very
slight. The operated voltage of MOS device in the current squaring circuit is below

0.8V. Therefore, the drain current equation is closed to the quadratic equation of Vgs.
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The functionality of current squaring is acceptable.

VGS

Fig. 31 The difference of drain current of between the modified quadratic equation of

Ves-Vi and model definition.

While the input current of I“square circuit.is:the summing current between | o and
Irr, the output current of I-square circuit could obtain the mixing frequency between
arr and . Therefore, the operation of down-conversion mixing can be

accomplished. The Fig. 32 shows the complete whole circuit implement.
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Fig. 32 The complete whale circuit of I-square circuit.

The capacitance of Csq17is the block capacitance between |-sum and I-square
circuit. The inductor of Lsq1 resonates with the capacitance of Csq at the intermediate
frequency of 5-GHz and provide high impedances at output terminal of I-square circuit.
Therefore, the Lsq1 and Csq2 could be used as the filter to percolate the leakage signal
of LO frequency (19-GHz), RF frequency (24-GHz), up-conversion frequency
(19-GHz+24-GHz), the double frequency of RF and LO frequency (48-GHz and

38-GHz) and third frequency of RF and LO frequency (72-GHz and 57-GHz).

22.2 Circuit Implementation

The complete schematic of current-mode mixer is shown in Fig. 33 and Table(ii)
lists the detailed parameters of each device. The current-mode mixer is composed of
three blocks, the I-sum circuit, I-square circuit and output current buffer. First, the

I-sum circuit consists of transistors, Mg1 and Mg, and the inductors, Ls1, Lsp and Lgs.
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The transistors of Mg1 and Ms, are the common-gate topology connected the drain
terminal together. The inductor of Lsi and Ls» resonate with the total parasitic
capacitance seen at source node of Mgy and Mg, respectively. Thus, the LC
resonance would provide the high impedance to feed the RF and LO current signal
into the common-gate transistor connected the drain terminal together. Then, the
inductor Lg3 resonates with the total parasitic capacitance seen at the output node of
current summing circuit. Thus, the resonation of Lsz would provide high impedance to
feed the output current of summing circuit into the current squaring circuit. Second,
the I-square circuit is composed of transistor of Msq1, Msq2 and Msq3, capacitance of
Csq1 and Csq2, and the inductor of Lsqi. The transistor of Msq1, Msq2 and Msqz would
perform the operation of current squaring. The inductor resonates with Csq2 at
intermediate frequency of 5-GHz. The resonation between Lsq1 and Csq would
provide high impedance to feed the output current of current squaring into output
current buffer. Finally, the output:.current buffer-provided the performance of 0-dB
consists of the transistor of Mpy, Mp2_and inductor, Ly1. Table(ii) lists the detailed

parameters of current-mode downconverter.
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Fig. 33 The complete circuit of the current-mode circuit.

Table(ii) Detailed parameters of current-mod downconverter.

Ms12 RF_MOS 1.2um*32 / 0.13um

Msq1.23 RF =“MOS 1.2um*12 / 0.13um
Mp- RF_MOS 1.2um*1/0.13um
Mpo RF_MOS 5.0um*30/ 0.13um
Cs1 Mmcap_um 7.5um*7.5um (62.996 fF )
Cs2 Mmcap_um 16um*16um (273.95 fF )
Cesq1 Mmcap_um 11um*11um (131.881 fF )
Csq2 Mmcap_um 31um*31um (1.0 pF)
Co1 Mmcap_um 23.5um*23.5um (583.4 fF )
Ls Spiral_std | rad= 20um w=3 nr=3.25 (945.25 pH )
Ls2 Spiral_std | rad= 26um w=3 nr=2.75 (916.56 pH )
Lss Spiral_std | rad= 27.0um w=3 nr=1.5 (443.21 pH )
Lsq1 Spiral_std | rad= 15.5um w=3 nr=3.5 ( 884.52 pH)
Lo Spiral_std | rad= 20.0um w=3 nr=4.5 (1.693 nH )
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2.3 Simulation Results

The post-simulation is completed by ADS simulator for whole simulation with
process parameters of TSMC 0.13-um CMOS MS/RF general purpose 1P8M salicide
Cu-FSG 1.2V/2.5V RF SPICE models. The following diagrams are the post-simulation
results of thorough receiver circuits.
H LNA

Because the first stage of receiver is LNA, it must provide input matching, power
gain and low-noise contribution in a specific frequency band. The figures from Fig. 34
to Fig. 37 are the port-simulation results of S-parameters, S11, S22, S21 and S12,
respectively. The input and output matching are lower than -10dB indicated a power
transfer greater than 90%. Fig. 38 exhibits that the noise figure is lower 3.5dB at the
frequency of 24-GHz. The resultant noise figureis close to the minimum noise figure.
The simulation results of linearity, are_shown in- Fig. 39, Fig. 40 and Fig. 41. The
linearity performance of input 1-dB compression (P14s) is about -21.3dBm. The input
third-intercept point (1IP3) is about -11.7dBm. The transient simulation results of input
and output current amplitude are shown in Fig. 42. The stability simulation results of
stability factor and stability measure are shown in Fig. 43 and Fig. 44. The necessary
and sufficient conditions for unconditional stability are that the stability factor is greater
then unit and the stability measure are positive. The Table(iii) is the comparison with
previously reported LNA for frequencies around 20-GHz. The conversion gain of
current-mode LNA is dominant with the device size ratio of current-mirror amplifier.
Thus, the supply voltage has slight effect on the conversion gain. But the supply

voltage would have great effects on the power consumption.
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Fig. 34 .+ Simulation‘result S11 of LNA.
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Fig. 35 Simulation result S22 of LNA.
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Fig. 36 Simulation result-S21 of LNA.
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Fig. 37 Simulation result S12 of LNA.
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Fig. 39 Linearity simulation result P1qg of LNA.
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Fig. 42 <Transient simulation result of LNA.
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Fig. 43 Simulation result K-factor of LNA.
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Fig. 44 Simulation result stability measure of LNA.
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Fig. 45 The S21 and power consumption of LNA in the different supply voltage.
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Table(iii) The comparison with previously reported LNA for frequencies around

20-GHz.
Reference | This work | This work [8] [21] [7] [22]
Freq. [GHz] 24 24 21.8 20 23.7 24
Technology 0.13um 0.13um 0.18um 0.13um 0.18um 0.18um
2 stage 2 stage 3 stage 2 stage 3 stage 2 stage
Topology
Current-mode | Current-mode | CGRF+CS+CS CS+CS CS+CS+CS CS+CS
Gain [dB] 17.1 17.5 15 12.9 12.86 13.1
Pias [dBmM] -21.3 -19.7 -- - -- --
IIP3 [dBm] -11.7 -10.8 -- -- -- --
NF [dB] 3.4 3.5 6.0 4.4 5.6 3.9
S11 [dB] <-10 <10 =21 -14 -11 -15
Total power 10.6 8.8 24 16.8 54 14
[mW] @1.2V @0.7V @1.5v @1.2V @1.8V @1V
B overall

The Fig. 46, Fig. 47 and Fig. 48 plot the S-parameter simulation results at RF, LO

and output port in the whole receiver, respectively. The harmonic simulation is shown

in Fig. 49. The input spectrum at RF (24-GHz) and LO port (19-GHz) are about

-49dBm and -3dBm, respectively. The output spectrum of receiver at 5-GHz is about

-27.898dBm. Thus, the conversion gain of overall receiver at 24-GHz is about

20.913dB. From the Fig. 49(c), some of sub-harmonic the isolation performance can

be found. The spectrum at LO frequency (19-GHz), RF frequency (24-GHz),

up-conversion frequency (19-GHz+24-GHz), the double frequency of RF and LO

frequency (48-GHz and 38-GHz) and third frequency of RF and LO frequency
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(72-GHz and 57-GHz) can be suppressed with resonating at 5-GHz between Lsq1 and
Csq2- The conversion gain and noise figure versus frequency of overall receiver path
are shown in Fig. 50 and Fig. 51. The frequency range of K-band applications is from
18GHz to 26.5GHz. The frequency bandwidth of ISM band is about 1GHz. The 3-dB
bandwidth of current-mode receiver is about 1.75 GHz (21.5GHz~23.25 GHz) and
conversion gain of current-mode receiver is about 26.4 dB at the peak frequency of
22.5GHz. The 3-dB bandwidth is dominant with the Q value of inductor. For the higher
conversion gain, the higher Q of the inductor will be used. Therefore, the wider 3dB
bandwidth and higher conversion gain are trade-off. Finally, the diagram of Fig. 52 and
Fig. 53 present the simulation results of linearity performance. The summary table of
post-simulation with corner variations presents as Table(iv). The Table(v) is a

summary table of post-simulation with temperature variation.

1mb
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Fig. 46 S-parameter simulation result at RF input of the overall receiver.
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Fig. 47 S-parameter simulation result at LO port of the overall receiver.
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Fig. 48 S-parameter simulation result at output of the overall receiver.
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Fig. 49 The harmonic simulation results of the receiver. (a) The spectrum diagram at
RF input port. (b) The spectrum_diagram’at LO port. (c) The spectrum diagram at

output port.
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Fig. 50 The conversion gain of the overall receiver.
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Fig. 51 The noise figure of the overall receiver.
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Fig. 52 The simulation result P1dB of the overall receiver.
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Fig. 53 The linearity simulation result of overall receiver.

Table(iv) The corner of the post-simulation. summary.

FF TT SS
Gainpna [dB] 18.5 17.1 13.9
NF_na [dB] 3.5 3.4 3.6
Gaingx [dB] 24.7 20.9 14.5
NFrx [dB] 4.1 4.2 5.2
P1gs [dBmM] -26.2 -24.4 -25.7
Power dissipation [mMW] 37.4 243 14.7
S11 (<10 dB) 23.5~25.5 GHz | 23.2~24.3 GHz | 22.9~23.6 GHz
S22 (<10 dB) >14.8 GHz >13.5 GHz >10.1 GHz
S33 (<10 dB) 4.2~7.0 GHz 4.0~6.3 GHz 3.5~5.9 GHz
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Table(v) Post-simulation summary with temperature variation.

Temperature 0 25 100
Gainpna [dB] 16.7 17.1 17.4
NF_na [dB] 3.2 3.4 4.0
Gaingx [dB] 21.7 20.9 18.0
NFrx [dB] 4.0 4.2 4.9

P1gs [dBmM] -23.8 -24 .4 -26.9
Power dissipation [mMW] 23.6 24.3 26.2

S1; (<10 dB) 23.2~24.1 GHz | 23.2~24.3 GHz | 23.2~24.8 GHz

S22 (<10 dB) >13.9 GHz >13.5 GHz >12.5 GHz

S33(<10 dB) 3.9~6.3. GHz 4.0~6.3 GHz 3.8~6.4 GHz
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CHAPTER 3 EXPERIMENTAL RESULTS

A current-mode receiver front-end is designed and fabricated in TSMC 0.13-um
1P8M CMOS technology. The descriptions and considerations of chip layout are
presented in first section. The measurement setup and considerations are discussed
in second section. The measurement performance summaries are taken into

discussions and comparisons in the last section.

3.1 Layout Description

For any high frequency design, the layout plays a very important role in the circuit
performance. Thus, the fundamental issues of layout should take care.

The input signals of the receiver are taken in the topmost metal available in the
technology. And the input lines:from the pad are kept short to minimize the parasitic
capacitance resulting from the 'layout traces [20]. Because the LNA noise figure is
sensitive to the deviation in the inputimpedance; hence, if the layout traces contribute
much parasitic capacitance, the noise figure of LNA would degrade. Since, the signal
paths are as short as possible in the metal route to alleviate transmission line effect.
All of the NMOS devices are arranged with deep n-well technique. The technique
allows the source and bulk node to connect together to avoid the body effect. Dummy
gates and dummy resistors are equipped at the margins of every MOS devices and
resistor, respectively, to cope with process variation. The each sub-circuit is
surrounded with guard rings for stable electric potential on substrate. Every spiral
inductor keeps proper distances with the others and the core circuit to minimum any
coupling effect, mutual inductance and disturbance on circuit working. The high
frequency interconnect lengths should be kept as small as possible to reduce

resistance, capacitance and inductance. Sometimes, shielding of the layout traces
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becomes very important. If the metal line connecting the gate goes underneath the
metal line connecting the drain, it gives rise to additional Miller capacitance, which
might degrade the high frequency performance. Hence, another metal layer could be
used as shielding for the two traces. Large DC blocking capacitors are provided
between the power supply and ground to minimize noise perturbation from the supply
voltages as well as to prevent any kind of ringing effect from DC supplies. The Fig. 54
shows the layout of receiver front-end, covering an area of 1.45*0.72 mm?.

From the layout photo, there are many the long distance interconnection metal
lines between the inductor devices. In RF/analog circuit design, the parasitic effects
on the metal lines are critical issues. The parasitic of interconnections affect seriously
the performance of circuits. Therefore, the parasitic effects of interconnection metal
lines should be taken completely:into conéidérations during post-simulation. The ADS
momentum is used to modify the parasitic effects-of interconnection metal lines in the

post-simulation.

Fig. 54 Layout configuration of the receiver.
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3.2 Measurement Considerations and Setup

The fabricated ICs are characterized using the on-wafer characterization
technique. Two types of testing methods have been used for measurements: (1)
probe cards and (2) wedge probes. Probe cards are custom made with a number of
power supply signals and RF ports. But, the probe cards need to consider the effect of
bond wire inductors and custom made and the pad frame must be laid out accordingly.
Wedge probe offers flexibility in terms of their positioning and four probes have been
used for testing the integrated receiver [20]. Due to the flexibility and the effect of bond
wire inductors, the testing method of wedge probe is adopted for high frequency
measurement. The chip microphotograph and measurement setup are shown in Fig.

55 and Fig. 56.

ndul 4y

IF output

Current-mode LNA LO input Current-mode Mixer

Fig. 55 Chip microphotograph.
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Fig. 56 Measurement setup for the receiver.

Three of the RF-GSG probes are used for RF, LO and output port, respectively. A
6-pin DC-probe is used for DC.port. The power divider and spectrum analyzer are
used to measure the magnitude of spectrum in the RF input pad distinctly. Since the
single ended topology is adopted in this chip, the balun and transformers are not
necessary in measurement. Thus, it doesn’t involve the extra signal attenuation.

The measurement setups were performed in exactly the same way the front-end
was simulated. The receiver front-end in this thesis is characterized by S-parameters,
conversion gain, linearity (IIP3 and P14g) and noise figure (NF). A flow chart for

complete receiver testing is demonstrated in Fig. 57.
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Fig. 57 The.complete flow chart-for receiver testing.

The first step to characterize any. circuit'is to set up the DC bias points for the
circuit under test and observe the DC current currents flowing through the IC. The
supply voltage in the circuit should be adjusted to the nominal value as in simulation.
If the current through the circuit is much higher than expected, there might be a short
in the circuit. In this case, the probe should be shifted to another IC sample. However,
if the circuit passes this test, then other performance tests should be carried out.

After the DC biasing points have been set up, a test should also be carried out to
determine whether the circuit is functional. If the circuit does not pass this test, no
further tests should be carried out. However, if the circuit passes this test, the
S-parameter, conversion gain, linearity and noise figure test would be performed.
Therefore, the testing of measurement setups is shown in Fig. 58, Fig. 59 and Fig. 60
for the S-parameter, receiver gain and noise figure, respectively.
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Fig. 58 Test setup for S-parameter measurement.
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Fig. 59 Test setup for receiver gain measurement.
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Fig. 60 Test setup for noise figure measurement.

3.3 Experimental Results

Before measuring the receiver, the loss of passive components should be
measured in the first place. The loss of cable line and instrument is about 4.5 dBm at
24-GHz and 2 dBm at 5-GHz measured by spectrum analyzer. The two-port network
of S-parameter analysis cannot be applied for gain measurement because the
frequencies of input and output terminals are different. Therefore, the spectrum

observation is a substitutive way.
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Fig. 61 The MOS capacitance in the LNA circuit.

A large value of capacitor should be used in the current-mode LNA. Because
occupied area of MOS capacitors are smaller than ones of MIM capacitance. For the
considerations of chip areas, the MOS capacitor-is chosen. Unfortunately, due to the
poly-gate resistor of MOS capacitor in_the LNA-circuit shown in the Fig. 61, the Q
value of inductor would be decreased. Therefore, the gain performance of LNA circuit
is seriously decreased. The gain performance of overall receiver decreases 14dB
compared with post-simulation result. This is a serious mistake in the circuit design
and the mistake should be found in the post-simulation. Unfortunately, the design Kit
of ADS simulator does not provide the model of MOS capacitor and the ideal
capacitance is chosen instead of the MOS capacitor. In order to measure the
performance of receiver, the Focus lon Beam (FIB) technology is adopted to grow a
metal line and connected the gate terminal of MOS capacitor to Vdd node shown as
the Fig. 62. The capacitor from the DC pad could restore the Q value of inductor in the
LNA circuit. Therefore, the gain performance could be improved. After the remedy of
FIB solution, the gain of overall receiver is about 12.5 dB increased 6dB compared
with original measurement result.
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[

Fig. 62 The solution of FIB.

The Fig. 63 presents an output spectrum at IF port with a power of -40dBm
RF (23.6-GHz) signal and a-power of 5dBm LO (18.8-GHz) signal. Compensating
back with the loss of cable line; the receiver performs a conversion gain of 12.5dBm
under 1.2V supply voltage. In the Fig. 63, the LO to IF isolation could be calculated
with the value of -39dBm. Fig. 65 plots the IF output power related to RF input power
and the input 1-dB compression point is obtained with value of -18dBm. Fig. 66 shows
the results of a two-tone third-order intercept point (IP3) measurement performed on
the signal path. The value of IIP3 is about -3dBm. The measurement setup for noise
figure is shown in Fig. 60. The SSB noise figure is obtained with the value of 13.3dB.
The measured noise performance is so terrible due to the decrease of conversion
gain. There are many factors to influence the performance of noise figure. Even
though the calibration of noise performance has been used to modify the noise
contributions from the instrument (noise figure analyzer), cable line, and the assembly
of measurement setup, some of the noise contributions can not still be avoided. For
example, the noise contributions from the DC supply voltage, substrate noise of the
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MOS device, the noise contribution of dummy metal, dummy poly and dummy oxide
layer and the external LO power signal can not be expected and simulated in advance.
Therefore, the noise performance of measurement has a little difference to the

simulation results.
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Fig. 63 The measured.spectrum at IF output terminal.
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Fig. 67 Measured noise figure of the receiver

The value of fine-tuned ,supply=voltage 'and biasing voltage are listed and
compared with post-simulation in the Table(vi). The power consumption of the tested
receiver is about 49.8mW. The.power consumption is higher than post-simulation due
to the raise of operated voltage of each LNA'MOS device. Table(vii) lists the summary
of the measurement results of the tested receiver. Table(viii) presents the

measurement results in the different supply voltage of LNA circuit.

Table(vi) Comparison on bias status between post-simulation and measurement

post-simulation Meas FIB
VDD1 1.2V 1.2V
VDD2 1.2V 1.2V
VDD3 1.2V 1.2V
Vb1 0.65V 0.75V
Vb2 1.1V 1.0V
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Table(vii) Summary of the measurement results

post-simulation Meas FIB
Frequency[GHZ] 24 23.6
Gain na[dB] 17.1 N/A
NF_na[dB] 3.4 N/A
Gaingx[dB] 20.9 12.5
NFrx[dB] 4.2 13.3
[IP3[dBm] -14 -3
P14s[dBmM] -24.5 -15
Image rejection[dB] 32.1 33.2
Total power [mW)] 24.3 49.8
S11(<10dB) 23.2~24.3 GHz 23.8~28.1 GHz
S22(<10dB) >13:5:GHz >9.8 GHz
S33(<10dB) 4.0~6.3 GHz 3.2~7.4 GHz
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Table(viii) Summary of the measurement results with different supply voltage.

Meas FIB Meas FIB
Supply voltage 1.2 0.8
Peak frequency[GHZ] 23.6 23.6
Gaingx[dB] 12.5 11.3
NFrx[dB] 13.3 14.2
[IP3[dBm] -3 -2
P14s[dBmM] -15 -13.5
Image rejection[dB] 33.2 33.5
Total power [mMW)] 49.8 27.8
S11(<10dB) 23.8~28.1 GHz 23.6~27.8 GHz
S22(<10dB) >9.8 GHz >9.8 GHz
S33(<10dB) 3.2~7.4 GHz 3.2~7.4 GHz

3.4 Discussions and Comparisons

First, the problem of conversion gain decrease is discussed. A large value of
capacitor is used in the current-mode LNA. Because occupied area of MOS capacitor
are smaller than ones of MIM capacitance. For the considerations of chip areas, the
MOS capacitor is chosen. Unfortunately, there is an unexpected resistor from the
polygate of MOS capacitor and the Q of the inductor in the current-mode LNA would
be debased. The performance of conversion gain would also be debased. Therefore,
The MOS capacitors used in the current-mode LNA can be replaced with MIM
capacitors for better performance. For the measurement, the FIB technology is
adopted to grow a metal line and connected the gate terminal of MOS capacitor to

Vdd termination shown as the Fig. 62. After the remedy of FIB solution, the fabricated
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current-mode receiver has conversion gain of 12.5dB. Because the metal line of FIB
has 3 Ohm/square sheet resistance, the Q value of inductor in the LNA circuit can not
restore well. The photo of FIB solution presents in the Fig. 68. A resistance 0f16.7
Ohm is used to estimate the resistance of metal line in the revised post-simulation. Fig.
69 plots the revised post-simulation result of conversion gain. The revised post
simulation result of noise performance is shown in Fig. 70. The noise figure is about
8.5dB at 24-GHz frequency range. The noise figure of overall current-mode receiver is
shown as the following equation.

NF,, . —1
= NF, +—er_—4 .

LNA

NF

tot

w:-.x ﬂ’f LI "'-‘E

The operating frequency of Nﬁm. ?ﬁ* pﬂen‘fnmode LNA, maximum power gain of

k;-u

current-mode LNA and Nle;{{ of curvﬁ;it”md}p_ downcoverter are about 24-GHz,
22.5-GHz and 25-GHz, re:geo?{giFM'e@gre the noise figure of overall
current-mode receiver is flat. F|g ?’a‘ﬁ _ﬁois"’the IF output power related to RF input
power. The revised simulated 1-dB compression point is obtained with a value of -18

dBm. Table(ix) lists a summary table comparing the revised post-simulation results.

Table(x) compares the proposed 24-GHz CMOS receiver [8].

Fig. 68 The photo of FIB solution.
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Table(ix) Summary of revised post-simulation results
Revised
Post-simulation Meas_FIB
post simulation
Gainna[dB] 17:1 N/A 9.8
NF_na[dB] 3.4 N/A 6.7
Gaingx[dB] 20.9 12.5 13.1
NFrx[dB] 4.2 13.3 8.5
[IP3[dBm] -14 -3 -7.3
P1as[dBmM] -24.5 -15 -18
Image rejection[dB] 321 33.2 31
Total power [mW] 24.3 49.8 55.4
S11(<10dB) 23.2~24.3 GHz 23.8~28.1 GHz 22~25.3 GHz
S22(<10dB) >13.5 GHz >9.8 GHz >13.5 GHz
S33(<10dB) 4.0~6.3 GHz 3.2~7.4 GHz 3.9~6.3 GHz
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Table(x) Comparison of performance with other proposed 24-GHz Receiver.

Post-simulation Meas_FIB [8]

Gainna[dB] 17.1 N/A 15

NF_na[dB] 3.4 N/A 6
Gaingx[dB] 20.9 12.5 27.5
NFrx[dB] 4.2 13.3 7.7
IIP3[dBm] -14 -3 N/A
P1ge[dBm] -24.5 -15 -23
Image rejection[dB] 321 33.2 31
Total power [mW] 24.3 49.8 30
S11(<10dB) 10.5 12.1 21
S22(<10dB) 26.7 -26 N/A
S33(<10dB) 17.3 -21.6 -10
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CHAPTER 4 CONCLUSIONS AND FUTURE WORK

4.1 Conclusions

A new 24-GHz RF CMOS current-mode receiver front-end integrated with a
current-mode low-noise amplifier and a current-mode downconverter is completely
designed, fabricated in 0.13-um CMOS technology and measured. A new LNA and
downconverter with current-mode operation have been proposed. The 2-stage
cascade current-mirror amplifiers are employed to implement a current-mode LNA
and only four inductors are used. Current summing and current squaring circuits are
adopted to form a current multiplier in the current-mode downconverter. The
measured results exhibit that the receiver can operate well at 24-GHz frequency
range. But is doesn’t achieve adequate_performance due to the oversight of layout.
After the remedy of FIB solution, the_fabricated.current-mode receiver front-end has
conversion gain of 12.5dB, noise figure of 13.3 dB, and drains 41.5mA under 1.2V

supply voltage with chip area of 1mm?

4.2 Future Work

The MOS capacitors used in the current-mode LNA circuit can be replaced with
MIM capacitor for better performance. The current-mode downconverter can be
re-designed for low supply voltage operation. For the integrity of current-mode
receiver front-end, the current-mode VCO could been included. Finally, a frequency

synthesizer also can be included to obtain a stable LO signal.
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APPENDIX

I. Current-square circuit for short channel effect:

Y lout

<
wn
e!
N

The simplified-current squaring circuit

From the above figure, the correlation between lin and lout can be calculated as the
following equation with different Vps voltage.

1 w
K==uC,—
2 Hnox L
2 VDD
=KV =V L+ A - A)]

I, =KV, -V, ﬂl%%ﬂ)]

L= -1, =K(V, =V,)*[L+ /1(\%—A)]—K(\/b -V, )1+ /1(\%+A)]

= (V7 = VN, VI - AL (V= VY, +VE L ) =

AV

(V2 + ZDDVZ AWVE =V, = VoV YV, + UV AL +V + ZDDV2 AAV?)

— (V) + Voo VY + AV — 20V, — AV VY, — 2V VAL +V/7 + ’N%vf +AAV?) = '?

-82 -



= (V + 2DD V 2 Aﬂvaz - 2Vth - ﬂVDDVaV[ + 2Vavt AL +Vt2 + W%Vtz - Aﬂ'vtz)

_v2 + 2002 LAV VYL — AV VLV, — VAL 4V + ’N%vf +AAVE) = '?

= (V2 -V2)+ DD(v “V2) = AAV2 +V2) =2V (V, -V,)

I
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Vv I
= (Va2 _Vbz)(1+ l%) - A/I(Vaz +Vb2) - (Va _Vb)(zvt + iVDDVt) + 2VtA/I(Va +Vb) - ZAinz = %

Nop |

)= BAV, +V,)° =V, 1= (Vy =V, )V, (2 Vo) + VARV, +V,) = 284V =2

=V, (Y, -V, )1+
/WDD

Iin
= _Al(vz2 =2V V) +(V, V)V, 1+ )= 2+ AV )V ]+ 2V ALV, -V,) = ?

/1VDD

= —AAV] =V V) + (Y, -V, )+ WV, —2V,) + VALV, —V,) = '? ..... )

From the correlation of output current lo.tand lin , we can find the equation of (Va-Vy,)

and V;*Vp.
L :Il—ls&I2+I3 =1,

I
=L+, =1, +1,

= (Vy V(47— M)+ (V) (L AVgh) =2
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Take the equation of (Va-Vp) and V,*V, into equation (1).
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Thus, the equation (2) can be simplified as the following equation.
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Zw(l—é‘),Whereéz /12\/2
(VZ_ t) DD+ﬂVDD) 1+

1+
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Due to the LC tank of current squaring circuit resonated at 5-GHz, it could be
used as a filter to percolate the leakage signal of LO frequency (19-GHz), RF
frequency (24-GHz), up-conversion frequency (19-GHz+24-GHz), the double
frequency of RF and LO frequency (48-GHz and 38-GHz) and third frequency of RF

and LO frequency (72-GHz and 57-GHz).

if A—>0:
2 Noo , Voo
Iout zZK(\/IIiZ\/)Z *(l_ ;}2\/2 4 )
2 t 1+==P2 4+ AV,
4
2
(Vz - zvt )2 * (; /1VDD + AZ\QDD )

+ |

2 in
2V, -2V, )*(1+ /12\23'3 + V)

K(V, -2V,)* * (1+ AV ) * (2 +2/1VDD)

Y RVAS

+

41+ + AVpp)

if A—0:
|~ Iii + K(V, -2V, )2 -
2KV, — 2V, ) 2

Thus, the smaller difference between Vps1 and Vpsj3 is the better for the current square
operation. The following figure represents the impact of difference Vps voltage. The
smaller difference of Vps voltage will have the greater conversion gain of
current-mode mixer. Therefore, there are two important issues about the current
square circuit. First, the channel length of MOS devices in the current square circuit
should be chosen as larger channel length to alleviate the short channel effect.
Second, the biasing voltage of current square circuit should be chosen with the
smallest difference of Vps between M1 and M3 MOS devices. While the V5 is equal to
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Vb, the voltage of Vpss is very close to Vpss.

—m— Conversion gain 7035

—e— |VDS1-VDS3)|

i

o
Kl
<« o 4020
S
s
g 27 40.15
(0]
>
c
o
O

1~/ F

-8 T T T T T T T
0.9 1.0 1.1 1.2 1.3 14 1.5
Biasing voltage V2 of current square circuit [V]

0.00

The impact.of difference of Vps voltage
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