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A Dual-Band LNA and a Sub-harmonic Mixer for IEEE 802.11a/b/g
Application and a Ka Band Low Noise Amplifier and a K Band VCO
by Using 0.18um CMOS Process

Student: Win-Ming Chang Advisor: Dr. Christina F. Jou

Institute of Communication Engineering

National Chiao Tung University

ABSTRACT

This thesis discusses high frequency circuit design for RF receivers and it mainly
includes two parts. One is the analysis and design of a switched dual-band LNA with variable
gain and a new switched Gm sub-harmonic mixet. The other is the demonstration of a Ka
band LNA, and finally a K band frequency source with X band low phase noise quadrature
VCO is simulated for feature work.

A switched dual-band low noiseramplifier with four gain control modes operating at
2.45-GHz/5.2-GHz has been designed and demonstrated based on a 0.18-um CMOS process.
In the high gain mode, the LNA approaches 14.4 dB maximum power gain and 3.54 dB DSB
noise figure at 2.45-GHz. In the 5.25-GHz band, the maximum power gain is 12.02 dB and
the DSB noise figure is 2.88 dB.

A new prototype of sub-harmonic mixer using switched Gm technique is designed and
implemented in a standard 0.18um CMOS technology. This fully integrated sub-harmonic
mixer achieves measured high conversion power gain of 12.8 dB, -1.8 dBm IIP3, and 14.0 dB
noise figure at 10-MHz with 4 dBm LO power.

A 3-stage Ka band LNA has been designed and verified by using standard CMOS
0.18um process. The measured power gain at 32-GHz is 12.08 dB with noise figure of 5.325

dB while consuming 15.58 mW.

I



Finally, a K band frequency source with X band 0.18um CMOS low phase noise
quadrature VCO has been simulated. This K band frequency source is treated as feature work

in our thesis.
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Chapter 1

INTRODUCTION

1.1 Background and Motivations

The multi-standard wireless LAN transceiver and millimeter-wave integrated circuits
using CMOS technologies are becoming the major design because of the consideration of
low-cost and high integration. In the application of wireless LAN, IEEE 802.11a and IEEE
802.11b/g use frequency bands of 5.15-GHz ~ 5.35-GHz and 2.4-GHz ~ 2.4835-GHz,
respectively. Therefore a dual-band RF receiver front-end is required for the integration of
wireless LAN.

The growing demand for larger bandwidth motivates integrated circuits to move toward
higher frequencies. In the past, GaAs-based HEMT and HBT technology dominate most of
the applications due to lossless substrate in these processes. But the more attractive process,
CMOS, has resulted in a strong motivation to implement these high-frequency and
high-performance RF systems. A high performance CMOS front-end for applications above
20-GHz has been reported and the performance of these CMOS circuits show CMOS process
has potential for building RF systems above 20-GHz. Finally, a K band frequency source has
been simulated and this work is treated as feature work of our thesis.

The following thesis presents a switched dual-band LNA with four gain modes, a new
switched Gm sub-harmonic mixer and a Ka band LNA. These circuits are simulated with Eldo
RF, ADS 2004A, and sonnet 9.52. The fabricated chips using TSMC 0.18um CMOS process

are tested and measured in CIC and National Center University.



1.2 Thesis Organization

This thesis discusses about high frequency circuit design for RF receivers and it includes
two parts. One is the analysis and design of a switched dual-band LNA with variable gain and
a proposed new sub-harmonic mixer. The other is the design procedure and analysis of a LNA
for Ka band application. These two parts will be illustrated in chapter 2 and chapter 3 and
these RF components are all implemented and verified by TSMC 0.18um CMOS technology.

In chapter 2, first we introduce the system applications of 802.11a/b/g that are widely
used in recent days. And the frequency occupation of these systems is the major discussion for
our RF circuits design. The proposed dual-band receiver will also be discussed in Section
2.4.1. The design flows of the switched dual-band LNA and the proposed new sub-harmonic
mixer will then be explained in.Section 2.4.2~2.4.3. The characteristic of a switched
dual-band LNA is similar to a single-band LNA. Hence, the analysis including input matching,
noise figure and power dispassion arewexpressed for a single band LNA. The down conversion
principle is the major discussion for‘eur:proposed new sub-harmonic mixer. To understand the
down conversion operation and switched Gm technique, we start from the basic Gilber mixer,
a switched Gm mixer and finally a tradition sub-harmonic mixer. By these mixer prototype
analyses, the proposed new sub-harmonic mixer is organized and presented in Section 2.4.3.3.
Also the measurement results, discussion and comparisons with other literatures are presented
in this chapter.

In chapter 3, a Ka-band LNA is designed and verified by using TSMC 0.18um CMOS
process. The design procedures of a millimeter-wave circuit are based on the analysis of [1],
and they are explained in Section 3.3.1~3.3.5. Two simulators including sonnet 9.52 and ADS
2004A is applied in this Ka band LNA design. The simulation results are shown in Section
3.3.6. Finally the measurement results and comparisons with recent published literatures are

also illustrated in this chapter.



In chapter 4, a K band frequency source is treated as a feature work in our thesis. By
doubling an X band quadrature CMOS VCO, the K band VCO performs low phase noise and
high FOM. The K band frequency source has been simulated by TSMC 0.18um CMOS

process, and the chip will be tested in August, 2006.



Chapter 2
SwWITCHED DuAL-BAND LNA WITH FOUR
GAIN MoDEs AND NEwW SWITCHED GM

SuB-HARMONIC MIXER

2.1 Introduction

As the wireless applications expand, requirements for radio which can support multiple
bands and multiple standards are, increasingmThese'demands are typically realized by using
more than one set of RF blocks ‘which can goverfi the bands. But these must increase
unnecessary power consumption,-die area, which in turn increase cost [2]. A way to alleviate
these conditions can be accomplished by using one RF block that can handle multiple bands,
such as a switched-band RF block, which not only reduces the power consumption but also
rejects out-of band signals compared to broadband circuits that cover multiple bands. [1] [13].

The multi-standard wireless LAN transceiver using CMOS technologies are becoming
the major design because of the consideration of low cost and high integration. In the
applications of wireless LAN, IEEE 802.11a uses the frequency bands of 5.15-GHz ~
5.35-GHz and 5.725-GHz ~ 5.825-GHz while IEEE802.11b/g uses 2.4-GHz~2.4835-GHz
[18]~[20]. And these standards have similar characteristics such as channel bandwidth and
modulation method that they have potential to integrate together in a single receiver to lower
the cost. To integrate the two bands into a single receiver, a dual-band LNA operating in both

2.4-GHz and 5-GHz band is required first. To prevent the signals in both bands affect each



other, a switched dual-band LNA prototype is used in the integration. The receiver blocks are
also designed to have higher performance including integration complexity, image rejection,
and power consumption. A low intermediate frequency (IF) structure is selected to lower the
integration complexity and therefore lower the cost [10]~[11]. Image signal is still a serious
issue in a low IF receiver. In the proposed dual-band receiver, the 1/Q signal are useful in an
image rejection architecture. With the usage of sub-harmonic mixer in the proposed receiver,
only a quadrature signal frequency synthesizer is demanded to down convert the dual-band
signals. The practice of sub-harmonic mixer significantly reduces the receiver complexity as
well as power consumption [11]. As illustrated above, the switched dual-band LNA and the

sub-harmonic mixer must be realized first to achieve the proposed dual-band receiver.

2.2 Comments

2.2.1 Switched Dual-Band LNA

There are two types of dual-band LNA,-one is concurrent receiving and the other is
switched bands. The concurrent receiving may suffer a serious problem. While a strong signal
received in one band in this concurrent LNA, the circuit will exhibit in saturation that causes
the other band to operate irregularly. Switched dual-band procedure can select the desired
band without receiving the other one. The switched dual-band LNA presented here operates at
2.45-GHz and 5.25-GHz for wireless LAN application. And it achieves high gain and low
noise figure in both bands

In addition, as the power of the received RF signals vary with the distance from the
transmitter. In order to linearly amplify the RF signals or keep each RF block to operate at
linear region, the LNA must be able to have high gain and low gain modes to avoid saturating
the next RF block. The switched dual-band LNA proposed in this paper can switch between
2.45-GHz/5.2-GHz by switching the inductor on /off at the output resonator, and also the
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input transistors gain modes. The gain control scheme is accomplished by lowering down the
gate bias of the input transistors. In low gain modes, the power consumption can be
economized. However, the input return loss (S,,) must shift to low frequency. The four shunt
NMOS transistors cascading on the input transistors can modify the input transistor’s
drain-to-source voltage and hence the S,,. The four shunt NMOS transistors can be

controlled by baseband as the receiving power is too large to saturate the following RF blocks

[3].
2.2.2  Proposed Switched Gm Sub-Harmonic Mixer

Mixers are widely used for frequency translation in radio frequency communication
systems. In a radio receiver, the down-conversion mixer is the key building block since it
dominates the system linearity [4]~[6]. Among many proposed active mixers, the Gilbert-cell
mixer has been widely used and the double-balanced mixer has been preferred since it can
suppress large LO leakage signals atioutput..The conversion gain, noise figure and linearity
are key performance parameters. Here, we take-these parameters into account in our proposed
sub-harmonic mixer.

Sub-harmonic mixer architectures use second or higher order harmonics of the LO signal
for up or down conversion. Lower LO frequency significantly simplifies transceiver design,
especially for blocks like frequency synthesizers, oscillators. These mixers are also suitable
for constructing multi-standard systems sharing a common LO signal generation scheme [30].

The proposed sub-harmonic mixer can be used in dual-band receivers that the higher
band frequency is almost twice of the lower one. Take 2.45-GHz and 5.25-GHz dual-band
receiver for example. By the usage of sub-harmonic mixer, there is only one frequency
synthesizer needed to receive dual band signals [32].

By the switched Gm prototype, the proposed sub-harmonic mixer consumes no dc power
without LO input. Otherwise, the combination of switched Gm technique and PMOS active
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load let the proposed mixer exhibit sufficient voltage headroom and therefore conversion gain
will not be limited.

The measured buffer power consumption, 22.36mW, reveals that the fabricated mixer
locates in SS-corner. Although the results are different from the desired TT-corner, we still

compare the SS-corner simulation with the measured results.

2.3 Wireless LAN Standard Review

In this section, the wireless LAN standard, IEEE802.11a/b/g, will be reviewed. It will
help us to understand the identical characteristics in these bands and tell us why integrating
these standards together. The IEEE802.11b standard at the 2.4-GHz ISM (industrial, scientific,
and medical) band provides data rate up to 11Mbits/s with the direct sequence spread
spectrum (DSSS). The standard was released by . IEEE in 1999. The 802.11a standard at
5-GHz U-NII band provides data rate up to 54Mbits/s using OFDM (orthogonal frequency
division multiplexing) modulation: The JEEE 802.1 lig standard, operating at the same band of
802.11b, uses OFDM modulation and centributes data rate up to 54Mbits/s. There are several

identical properties in these standards and they will be introduced in the following illustration.

23.1 IEEE 802.11a

As shown in Fig. 2-1, the 802.11a standard has three U-NII (Unlicensed National
Information infrastructure) bands. They includes the lower band (5.15-GHz ~ 5.25-GHz), the
middle band (5.25-GHz ~ 5.35-GHz) and the upper band (5.725-GHz ~ 5.825GHz). The
lower and middle sub-bands have rooms for eight channels in the total bandwidth of
200-MHz. The upper band has rooms for four channels in a bandwidth of 100-MHz. The
centers of the outermost channel shall be at a spacing of 30-MHz from the edge of band for
the lower and middle bands, and 20-MHz for the upper band. The bandwidth of each channel
is 20-MHz, and each channel has 52 sub-carries for OFDM modulation with each sub-carrier
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has bandwidth of 312.5-KHz. Each sub-carrier can be either a BPSK, DQPSK, 16QAM,
64QAM signal. [18] Each data rate corresponding to modulation is listed in Table 1.

| 30MHz 20MHz J0MHz | | 20MHz 20MHz'

)]

| 5745 5765 5785 5805 |, MHz

S180 5200 5220 5240-5260°5280 5300 5320
5350 5725 5825

5150 / A
4 52carriers ™,

Y
N
R
Y
=
r ~
rd
”
./

30MH7
¥
312.5KHz

Fig. 2-1 Channel allocation of IEEE 802.11a standard

Modulation |/Data Rate (Mbps)

BPSK 6.9

DQPSK (12,18

16QAM 24,36

64QAM 48,64

Table 1 Comparison of each modulation and its
transferring data rate in IEEE 802.11a standard

232 |EEE 802.11b

IEEE 802.11b standard can be discriminated between operating in North American and
European. In North American, its operating frequency is from 2400-MHz to 2472-MHz while
the frequency range in European is from 2400-MHz to 2483.5-MHz. Here we adopt the
former. For non-overlapping operation three channels are used and the channel center
frequencies are 2412-MHz, 2437-MHz, and 2462-MHz. For overlapping operation, six

channels are selected. The center frequency of each channel has a spacing of 10-MHz. Fig.



2-2 is the channel location of 802.11b standard for non-overlapping and overlapping. The
standard offers a data rate up to 11 Mbps and uses direct sequence spread spectrum (DSSS)

and the complementary code keying (CCK) modulation [19].

L//KEEEEEEEMKX\ channel? channelll
2400MHz 2412MHz 2437MHz 2462MHz 2483.5MHz

Non-overlapping

10MHz
-

-

2400MHz 2412MHz 2422MHz 2432MHz 2442MHz2452MHz2462MHz 2472MHz 2483.5MHz

Overlapping

Fig. 2-2 The North American channel selection of non-overlapping and overlapping

233 |IEEE 802.11g

The IEEE802.11g operates from 2412-MHz to 2483-MHz, and the bandwidth is 20-MHz
for each channel. It extends the data rate of 802.11b to 54 Mbps in the 2.4-GHz band using
OFDM modulation. It also has three non-overlapping channels [20]. The three standards are

compared and listed in Table 2.

Standards IEEE 802.11a IEEE 802.11b IEEE 802.11¢g

5150~5350
Frequency (MHz) 2400~2483 2400~2483
5725~5825

Modulation OFDM

Data Rate (Mbps) 6~54

Available Spectrum (MHz) 300

Channel Bandwidth (MHz) 20

Table 2 The comparison of the 802.11 a/b/g standards



2.4 Circuit Design Consideration

2.4.1 Proposed Dual-Band Receiver

As illustrated in the introduction, low-IF architecture is preferred because it reduces the
integration complexity and has no dc offset issue [6]. On the other hand, the low-IF receivers
do have image problems. This problem can be solved by the image cancellation schemes, and
we proposed the Weaver architecture in our receiver to do image rejection [4]. Since the
digital modulation of IEEE802.11a/b/g compared above illustrates the I/Q formats are
required to demodulate the transmitted signal, the I/Q down conversion is also considered in
this proposed dual-band receiver.

With a simple modification the Weaver architecture readily provides quadrature outputs
[4], as is needed for many modulation types,-and it is this architecture that is used in this
receiver. The modification involves replacing the second set of modulators by two pairs of
quadrature mixers and then propetly. combining theit contributions.

Fig. 2-3 is the proposed dual-band receiver in this project. The receiver can be divided
into two frequency translations, one is down conversion to 10-MHz and then down
conversion to baseband by a 10-MHz oscillator. A 10-MHz LO signal is convenient to be
obtained by the reference signal of the synthesizer using in the first down conversion and this
arrangement lower cost significantly. The two frequency translations compose the quadrature
Weaver architecture to alleviate the issue of image signal and simultaneously produce the I/Q
signals. The IF-band pass filter is easy to design and it exhibits high selectivity because of the
selected low intermediate frequency. Fig. 2-4 is the frequency plan in this dual-band receiver.
For simplicity, the dual-band LNA and sub-harmonic mixer designed here obey the frequency
in Fig. 2-4. That is, the RF is 5.25-GHz for 5-GHz band and 2.45-GHz for 2.4-GHz band; the

LO is 2.62-GHz and 2.44-GHz for 5-GHz and 2.4-GHz frequency down conversion,
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respectively. By the IEEE802.11a/b/g standards, the frequency synthesizer demanded here
must provide a tuning range from 2.39-GHz to 2.67-GHz. The tuning range is about 11% of

the oscillation center frequency.

‘ — |IF Band | 1
5.2GH7 Sub-hftrmamc Pass ‘l‘ .
2.45GHz RF - Mixer " Filter +
signal | I |
' |
5.25GHz RF | To
signal | base band
|
__________________ |
|
» Gilbert |
2.4GHz Mixer
Fig. 2-3 The proposed dual-band receiver
IF
10-MHz
I
| e e _
¥ LO “ RF
IZ.ﬁE-(:Hr 15.25-GHz
) ) ) ‘ 5-GHz
' — -
: band
|
_ s "I,
LO '-1 RF
2.44-GHz},; 2.45-GHz
: — —— ' + -
| - '”;_.l.il-(JHz
! band

Fig. 2-4 The frequency planning in the proposed dual-band receiver

242 Switched Dual-Band LNA

A switched dual-band low noise amplifier with four gain control modes operating at the
2.45-GHz/5.25GHz has been simulated based on a 0.18-um TSMC CMOS process. This
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dual-band LNA with two input channels and each tuned to 2.45-GHz and 5.25-GHz separately,
by switching the output resonator inductor on /off, the input transistors are enabled / disabled
for band selection. A novel gain control scheme is introduced, and this gain control scheme
has low circuit complexity. The four gain control modes are executed by turning on/off the
four shunted NMOS at the output of this cascode topology, and the four gain modes can be
controlled digitally to adapt to the received RF signals. Comparing with the current literatures,
this novel gain control scheme not only have high gain control range in both bands, but also
have reasonable noise figure in the low gain mode even with 11 dB power gain lower than the
high gain mode. The P14 of the proposed LNA in the low gain mode is about 11 dB higher
than the one in the high gain mode in both bands. The peak of the input and output return loss
is locked in band in each gain mode which is an important feature of this proposed LNA. In
the high gain mode, the LNA approaches 14.4 dB.maximum power gain and 3.54 dB noise
figure at 2.45-GHz. In the 5.25-GHz band, the: maximum power gain is 12 dB and the noise
figure is 2.88 dB. The gain can be switched by.about Il dB between the high gain and the low
gain mode at 2.45-GHz and 5.2-GHz: Because the switched dual-band LNA operation is

similar to a single band, we discuss a single band LNA fist in Section 2.4.2.1~2.4.2.3.

2.4.2.1 Input Matching

For a single band LNA, the total width of the input transistor is determined by

W, =1/3wLC,R,) 2.1)

opt =
where @ 1is the operating frequency, L is the channel length of the transistor, C_, is the
gate oxide capacitor and R, is generally 502 [4]. In this work, the total width of the input

transistor in each band is optimized to (2.1).
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Vin Lg Rg

Lin ng 1 *Vgs 1

Fig. 2-5 The input stage of the single band cascade LNA

The input matching network quality factor Q;, =(1/@w.CR;) of the LNA is a key factor

which determines the power consumption, gain and noise. The following analysis is finally

translated to a form with Q,,, and the effect of Q,, is clear. Analyzing the input stage of the

in»

LNA in Fig. 2-5, and the input resistance can be expressed in (2.2).

gmLs
T ——
FECL € C (2:2)

9s gs

Z, = jo(L, £L )+
For matching condition, Z,, = R,, reveals the input impedance and resonating frequency.

9,
Ri=R, - Le (2.3)

gs

1

T L TLC, (24)

The quality factor of the equivalent input matching network must be introduced first and it is

useful in the following analysis about noise figure. As shown in Fig. 2-6, the input matching

network is equal to a series RLC tank. The quality factor of the series RLC tank is (2.5) [5].

9 1 |L+L 1 )5
"R\ C, R&C, (2.5)
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Fig. 2-6 The equivalent series RLC tank of the input matching network

2.4.2.2 Noise Figure

To estimate the noise figure of a cascode LNA, we take two dominate noise source for
consideration. The thermal noise of the drain current from M1 and thermal noise of resistor

Rg are estimated in our noise figure calculation. Fig. 2-7 shows the small signal model of the

input stage, where i’, denotes the thermal noise of the drain current from M1 and Vn%Rg

denotes the thermal noise of resistor Rg. The transconductance including input matching

network is G,,, and it is derivedinterms of g, Z

in»

w,and C, [5]

IUI.Il

Vin L-g Rg vl%l._R_u

inut
+ gml"‘Vgsl jnzd + l/gmz m2* V2
;

S RO OR?

Ls

Fig. 2-7 The equivalent noise and small signal model of the input matching network

__ 9n
" Zinja)Cgs (26)

At matching condition, the transconductance G,, can be rewritten as:
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gm ngin

G = =
" TR, jo.C,, j (2.7)
The input referred noise can be expressed as:
P2 | 4kTR,g?
Vr? referred — o = S + 4kT m 2.8
G, P gi0) Riaicy, o) .
Finally, the noise figure can be derived:
V2 R
NF =14 gy 0, 7 2.9)

4KTR R, 9,RQ;
where y is the body-effect coefficient. To have an insight into the effect influenced by the

quality factor of Lg, Q,, and the NF can be rewritten as:

0 oL,
Lo = (2.10)
Rg
oL
NF o i N 2.11)

QLg Rs ngsQii

(2.11) clearly illustrates the degradation-of poor quality factor of the input inductor

2.4.2.3 Power Dissipation

The power dissipation is also an issue for a LNA. The power dissipation is proportional

to the designed inductors Lg and Ls, which can be derived as follow:
1 W W
P=1pVp = Eﬂcox T(VGS ~V)*Vpp o 4C,, n (2.12)

where W is total width of input transistor, and L is 0.18um in this work. Using the input

transistor’s gate-to-drain capacitance, Cgs, and (2.14), the (2.12) can be rewritten as (2.15).

2

Cy = EWLCOX (2.13)
W

9n o uC,, T (2.14)
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Poc=—— (2.15)
Cy U
By (2.3) and (2.4), we get
pe B R-R) 1 L R-R),
2 2
LS
To have an insight of the effect of Q,,, (2.16) is rewritten as:
C2w2L4 42

P o —=—(R —Rg)2 R; _Q

(2.17)

L
Li(1+L—g)

S

2.4.2.4 The Switched Dual-Band LNA Design Consideration

The switched dual-band LNA provides high amplification of the signals in the desired
dual bands to reduce the effect of the following:high noise stages and it presents low noise
figure in the first stage in the receiving chain. Fig. 2-8 shows the proposed switched
dual-band LNA. M1 and M2 are input transistors ofithe LNA. M1 is used for 2.45-GHz band,
and M2 is used for 5.2-GHz band. When the LNA operates in one band, the other one is
disabled by turning the corresponding input transistor off. The matching network is similar to
a single band cascade LNA, and the design method is illustrated in last section. Since there
are two input transistors in the dual-band LNA, the input matching network can be

independently optimized for each band.
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Fig. 2-8 The schematic of the proposed dual-band LNA

The switched resonator is composed of Ld1, Ed2, M7, Rg and Rd. The band selection of
the LNA is performed by turning the PMOS M7 on/off. The control voltage, Vctl, applied to
the PMOS M7 through a resistor Rg.:Fig..2-9 shows-that when Vctl is 1.8V, and the PMOS,
M7, is turned off. The Ld2 path ‘exhibits high*impedance. Thus the output resonator is
dominated by Ldl and Rd. Design Ldl to let the output matching network resonate at
2.45-GHz. Fig. 2-10 shows that when Vctl is 0V, and M7 is turned on at triode region, and M7
exhibits its channel resistance (Ron). Thus the output resonator is dominated by Ld1 parallel

with Ld2, and Ld2 is designed to keep the output matching network resonate at 5.2-GHz.

Ld2 Ri:

Cout Ldl R Cwies O
ol M—w— 2.,
C"‘"‘:gcnl -

=

Fig. 2-9 M7 is off and the parasitic capacitance, CM7, provides
a high reactance at 2.45-GHz.
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Fig. 2-10 M7 is on and provides a turn on resistance
Ron at 5.25-GHz.

There exists several types of variable gain LNA solutions in the literature (e.g. [14]
~[17]): They include: i) The variance of gate bias of the common gate MOS. The gain tuning
range will be limited by biasing the commion, gate MOS in off region and the power
consumption can not be econommzed at low:- gain mode. ii) A switching control type which
provides gain controllability by=switching on/off active gain components. The gain control
range is limited by switching the active gain compenents in linear region. iii) The two-stage
LNA-VGA type, which achieves gain control through the use of a VGA as a second stage.
This additive gain-control functionality comes at a price of higher circuit complexity, which
also results in an increase in power consumption and noise degradation.

In this work, we propose a novel gain control scheme. The gain control scheme can be
performed by lowering the transconductance, gm, of the input transistor. However, lowering
gm definitely causes the input impedance differ from Rs and the input equivalent tank will not
resonate in the desired band anymore. Therefore, a new compensation method is proposed to
overcome this shortage. The cascode transistor in the traditional LNA prototype is now
extended to four shunted transistors. As shown in Fig. 2-8, M3~M6 are the compensative
transistors in this gain control scheme. The gain control scheme provides four gain modes to

adapt to the RF signal power and behaves the best communication quality. The gain control
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signals are controlled by the base band and shown in Table 3

Vbiasl | Vbias2 bl | b2 | b3 | b4
Model | 0.65 0.70 Model | 1.8 | 1.8 | 1.8 | 1.8
Mode2 | 0.59 0.62 Mode2 | 0 |1.8|1.8| 1.8
Mode3 | 0.55 0.55 Mode3 | O | 0 | 1.8 | 1.8
Mode4 | 0.52 0.53 Mode4| O | O | O | 1.8

Table 3 Gain control signal from base band

While the RF signal power is large enough to saturate the blocks of the receiver, the baseband
will sense the failure of receiving signals and sends a control signal to the gain controllable
LNA. The multiple gain modes are required for the consideration of adapting to the
unpredictable RF signal power. In this werky four gain control modes are planed and the gain
tuning range 11.5 dB has been measured. IIP3 is:the more significant parameter to identify the
gain control scheme is beneficial to'the receiver. The 11P3 improvement supports the LNA to
adapt to the higher power signals and:preserve the following blocks from saturation. The
general gain tuning range is about 10 ‘dB"and it follows 10 dB IIP3 improvement. In this

project, this principle has been accomplished.

243 Switched Gm Sub-Harmonic Mixer

A new prototype of sub-harmonic mixer suitable for 5.2-GHz ISM band is designed and
implemented in a standard 0.18um CMOS technology. By the PMOS active load and a
switched Gm prototype at LO port, the new sub-harmonic mixer achieves high conversion
gain but still remain high linearity. The fully integrated sub-harmonic mixer achieves high
conversion gain of 12.8dB, -1.8 dBm IIP3, and 14.0 dB noise figure at 10-MHz with 4 dBm
LO power. Moreover, the proposed sub-harmonic mixer doesn’t consume dc power while

there is no LO power.
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2.4.3.1 Review of The Gilbert Mixer & Sub-Harmonic Mixer

Fig. 2-11 A basic Gilbert Mixer and the waveforms of output IF current

The double balanced or Gilbert-cell mixer in Fig. 2-11 is most desirable for high
port-to-port isolation and spurious output rejection applications [4]~[6]. It can provide high
conversion gain and low noise figure. The linearity is reasonably good. There are many design
considerations about conversion“gain, lineatity and noise figure for a Gilbert mixer [25]. Here

we only verify that the frequency’.conversion is attainable. By the waveform shown in Fig.

2-11, the output IF current, 1. , can be thought of as the superposition of |, andl,.We can

ifp °
simply model the switching on/off as a square wave and the RF signal as cosine based wave

with amplitude A. The down conversion principle is derived as follow:

T

D

__2 Acos(aw,t){(sin[m, t]—sin[m (T +
4 Lo

+% (sin[3aw o] —sin[3m 4 (t+ L)D

< SinfSayet] - sinSayo(t 7))

oo eeeeee e ! (2.19)
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2 .
= _2 Acos(w,t){2 COS[M] s1n[—£]
V4 2 2

2 6w t+37. . = 37

+§cos[ ] 1n[—7]
+g [IOa)LOt + Sﬁ]sin[—s—”]
2
et } (2.20)
2 2a)LOt +7, . . Nxw
=== Acos(a,) Z 2 {cos (22t T g in[~=71} 2.21)
= _4 Acos(w;t){- COS[M] + 1 cos(w) 1 COS(M) +o) (2.22)
Vd 3 2 5
4 . 1. 1.
= — Acos(aw,t){sin(w 1)+ 3 sin(3w, o t) + 3 sin(Sw o t) +......} (2.23)
2 . .
= - Al(sin[(@4 + o o)t]—sinf{@; — @,0)t])
3 Sinl(@ +30,0) Sl =301 )0)
+Sinl(0, + 50,0t “sinf(er, ~ St
F reerreeessnersneestesasesressessanssnssanssaresasertesasssassrsssas } (2.24)
= 2A . .
= X isinl(@, —n-o)t]-sinl(o, +n-@0)t]} (2.25)

Eq. (2.25) shows the Gilbert mixer can execute frequency down conversion. The
derivation demonstrated above will repeat for sub-harmonic mixer and we compare the

difference of frequency translation between Gilbert mixer and sub-harmonic mixer.
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Fig. 2-12 Traditional sub-harmonic mixer and waveforms of output IF current

The sub-harmonic mixing method is originally used in microwave circuits. The method
uses a LO excitation with quadrature phase operating at a fraction of RF frequency [28]. The
traditional sub-harmonic mixers can be implemented based on poly-phase LO switching,
however, the circuit don’t have enough voltagésheadroom. Therefore, they aren’t suitable for
voltage scaling down [29]. As shown in ¥ig. 2-12,-the gate bias of the NMOS in the LO
switching stage must be biased at least 1V for 1IP3 well above 0dBm of a 10dB conversion
gain [27]. The conventional method of operating-the switching transistors at LO port in
saturation region requires significant voltage headroom, thus, reducing the head room
available for the load and hence limiting the achievable conversion gain. The tradition
sub-harmonic mixer is similar to the basic Gilbert mixer, but the LO switching stage is driven
by a quadrature LO signal such that only half of the RF frequency is needed for LO to down
convert the RF signal. The RF transconductor stage translates the voltage signal to current

signal by transconductance, gm. By the waveform shown in Fig. 2-12, the output IF current,

I can be thought of as superposition of currents |, andl;. The down conversion

ifp »

principle of traditional sub-harmonic mixer is derived as follow:

i, = Acos(ay t)[% - % {sin[2o, ,t]+ %sin[6a)Lot] + é sin[10@, ot]+.....}]
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(2.26)

(2.27)

(2.28)

(2.29)

(2.30)

(2.31)

(2.32)

The down conversion principle can be understood distinctly by the derivated results.

Comparing (2.32) with (2.25), the RF frequencies are down converted by a fundamental LO

frequency and a 2" harmonic LO one for Gilbert mixer and sub-harmonic mixer, respectively.

By the derivation illustrated above, the operation of Gilbert mixer and sub-harmonic mixer
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are understood and the new proposed switched Gm sub-harmonic mixer will be identified as

the same operation.

2.4.3.2 Switched Gm Mixer

Vrip
é—“%— Vet

vdd 180°%dqd

Fig. 2-13 Switched Gm mixer/and the waveforms of IF output current

The switched Gm mixer was first published in-2003 [26]. Because only switches with a
conductive channel connected to either Vss or Vdd are used, it requires almost no voltage
headroom across the switch and does not require gate-drive voltages outside the supply rails.
As a result, the gate-oxide stress of the switch devices is low, as desired for reliability concern.
Even if oxide reliability is no issue, the conventional method of operating the switch
transistors M2 and M3 in saturation requires significant voltage headroom, reducing the
headroom available for the load and hence limiting the achievable conversion gain. By using
low ohmic switches with a low-voltage drop compared to Vdd, almost the full supply voltage
headroom can be reserved for the transconductance device and load, allowing for more
conversion gain. By the time domain IF current plotting in Fig. 2-13, the same down
conversion principle can be derived as (2.25). And the differential conversion gain can be

obtained by multiplying 29g,R, to (2.25), that is:
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2.4.3.3 Proposed New Sub-Harmonic Mixer
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Fig. 2-15 Waveform of the switched Gm sub-harmonic mixer

In this work, we combine a switched Gm technique at LO switching stage and a PMOS

active load to implement a new sub-harmonic mixer that we can alleviate the shortage of the
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voltage headroom at IF output [4]. Fig. 2-14 shows the topology of the new switched Gm
sub-harmonic mixer. There are four inverters in the LO switching stage which are driven by a
quadratue LO signal. Therefore, no power is consumed for this mixer while there is no LO
input. Only one of the inverters can be activated to let either source of M1 and M2 or source
of M3 and M4 be at low voltage.

By the same derivation as illustrated in the sub-harmonic mixer, the new sub-harmonic

mixer has the same down conversion principle and it can be derived as follow:

1 > 2
l.., = Acos(a,t)[—— —sin(2no,t
ifp ( rf ) 2 ) ;5 nr ( LO )]
1 > 2
+ Acos(w,t+ ) {—— Z —sin[2nw , (t + )]} (2.34)
2 n=1,3,5... nﬂ-
S 4A 4ot Fmpins N
= Y —cos(w,t){cos[n(—2===)]sim[~ ]} (2.35)
n=13,5 N7T 2 2
: 2A :
= Z —{sin[(@; —2n- o)t]—smf{@; + 2N @ ,)t]} (2.36)

n=i3,5 N7T

Also the output IF current, |, can be'derived in the same skill. And we can verify that the

ifp >
maximum differential conversion gain of the new sub-harmonic mixer is
G _4 g.R. (2.37)
V4
However, the advantage of the sufficient voltage headroom at IF ports support the achievable
conversion gain and keeps the mixer exhibits high linearity.

In (2.36), we can clearly identify that the proposed sub-harmonic mixer can down
convert RF signal by operating the LO signal at half of the RF frequency. The maximum
differential conversion gain is identical with the conventional one, but the noise and linearity
is not the same case as illustrated in [27]. To acquire more conversion gain and keep the
voltage head room sufficient, the PMOS active load is applied to the new sub-harmonic mixer.

For measurement consideration, there are 7 matching networks in front of each RF and LO
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signals. And a source follower is acted as the output buffer for the 502 system.
The finite ON-resistance of the switches may reduce the linearity and conversion gain of

the switched Gm mixer, and this undesired effect must be estimated. We can model the switch

with a finite ON-resistance, R, and it “allows” for source voltage variation. This voltage
can mix with the RF signal at the gate via the second-order term of the MOSFET, resulting in

a differential output current:

: 9:  9:Ry .3
Iy = 9\Vge + (= ——22" )
an = OVee + 1+291R0n) - (2.38)

where 0,,0,, and g, are the Taylor series coefficients derived by taking the derivative of

I4 (V) of the transconductor MOSFET. If the switch resistance is significantly lower than

1/9,, the linearity can be better [27].

2.5 Measurement Consideration‘and Results

HAH\
A -

-

251 Switched Dual-Barid ENA= -

Fy LR

2.5.1.1 Measurement Consideration

Fig. 2-16 The layout of the proposed switched dual-band LNA
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Fig. 2-17 The micrographic of the proposed switched dual-band LNA

The switched dual band LNA is de§}g9§:d for fully on-wafer measurement, therefore the
“?-‘.""- =

arrangement of each pad must sagsff thF rpbe\.s\taﬁpn testing rules. By the layout shown in

- I'"'J' .'- -
Fig. 2-16, two six-pin dc probesﬁia requligdrftﬁ,.feeci §v1th eight dc voltages. In addition, two
h‘_{f';' |‘. ~

=1 =

; -1& {(a~b) shows the arrangement for dc and

Sl

RF probes are also needed for Rﬁi}lﬁl
RF probes. The top and bottom are :1x 'pl’i:ﬁﬁ ﬁrb%es while the left side is GSG RF probes for
RF signal input and the right side is GSG RF probes for RF signal output.

The measurement equipments include a network analyzer ( HP8510C ), a noise analyzer
( Agilent N8975A ), a spectrum analyzer ( Agilent E4407B ), three signal generators, and
several dc power supplies. Several auxiliary equipments are also required for the
measurement setup, such as cables, 50() terminals, and power combiners. The losses of
cables, combiners, and Baluns are all needed to be considered for calibration.

The S-parameter, noise figure, 1-dB compression point, IIP3 are needed to measure to
verifying the switched dual-band LNA performance, and the measurement setups for each

parameters are shown in Fig. 2-19 (a~c). We will show and discuss the measured results for

each parameter.
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Fig. 2-18 (a) On-wafer measurement test diagram(b) The photo for measurement environment
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Fig. 2-19 Measurement setups for (a)S-parameter (b) noise figure (c)II[P3 and P1dB
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2.5.1.2 Measurement Results and Discussion of Dual-Band LNA

As shown in Fig. 2-20 to Fig. 2-23, the S-parameter of the four gain modes are “locked”
in band and this is a benefit for a narrowband system such as 802.11a/b/g. For high gain mode,
the measured S-parameter reveals 14.40 dB and 12.02 dB power gain, -12.18 dB and -11.02
dB input return loss, -6.73 dB and -12.09 dB output return loss, and -38.73 dB and -28.64 dB
reverse isolation at 2.45-GHz and 5.25-GHz, respectively. For low gain mode, the power gain
reduces to 3 dB and 0.18 dB at 2.45-GHz and 5.25-GHz, respectively.

The noise figure increases as the power gain switching form high gain mode to low gain
mode. The measured noise figures for high gain mode are 3.54 dB and 2.88 dB at 2.45-GHz
and 5.25-GHz, respectively. For low gain mode, the noise figure behaves 5.62 dB and 5.5 dB
for 2.45-GHz and 5.25-GHz, respectively. The noise figure increments between high gain
mode and low gain mode are-2.08 dB and 2:62-dB for 2.4-GHz and 5.2-GHz band,

respectively. The noise figure incrémentis-as.expected even with about 11 dB gain tuning.
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Fig. 2-20 The measured S11 of the proposed switched dual-band LNA
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Fig. 2-21 The measured S22 of the proposed switched dual-band LNA

15
10 -
< _!1:: 4
0 :
. ke ]
~ 5 e
m " Ad
Z i A 1
— -10 -rx
3 F ) )
12.45GHz Band k2N 5.25GHz Band 1
2071-=— Mode1 5 ~m Model ||
25 J|—®— Mode2 i ®— Mode2
{—2— Mode3 —&— Mode3 ||
-30 4 —w— Mode4 —¥— Moded
——— . . — 7

— —
0 1G 2G 3G 4G 5G 6G 7G 8G
Frequency(Hz)

Fig. 2-22 The measured S21 of the proposed switched dual-band LNA
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Fig. 2-23 The measured S12 of the proposed switched dual-band LNA
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Fig. 2-24 The measured NF of the proposed switched dual-band LNA
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There are four gain modes for the proposed switched dual-band LNA, and the linearity

improvement to adapting the higher input power must be considered. In the 5.2-GHz band,

the measured IIP3 of the high gain mode is -16.4 dBm, and -4 dBm for low gain mode. A

linearity improvement of 12.4 dB is achieved at 2.4-GHz band. On the other hand, the

measured IIP3 of high gain mode and low gain mode in 5.2-GHz band are -0.8 dBm and 9

dBm, respectively. A linearity improvement of 9.8 dB is achieved in 5.2-GHz band.

2.5.1.3 Comparison with Other Literatures

This work combines two topics including switched dual-band and gain control ability,

however, the published literatures discuss either dual-band or gain control ability. Hence, we

compare these two topics independently, and comparison with dual-band LNA and gain

controllable LNA are shown in Table 4 and Table 5;.respectively.

Process

Center

Frequency

S11/
S$22(dB)

S21(dB)

ITP3(low gain)
-ITP3(high gain)

Power

dispassion

2.45GHz

-12.18
/-6.73

14.4

12.4dB

9.42mA

5.25GHz

-11.02
/-12.09

12.02

9.8dB

10.12mA

[7]2005
MWCL

2.4GHz

-10.1
/-10.5

10.1

5.2GHz

-11.0
/-17.0

10.9

6.5mA

[812003
ISCAS

2.4GHz

-5.1
/ N/A

11.6@1V
8.5@0.7V

5GHz

-26.3
/ N/A

10.8@1V
5.5@0.7V

[9]2004

2.44GHz

N/A

7.6

5.76GHz

N/A

8.6

Table 4 The comparison with published dual-band LNA

In dual-band LNA comparison, this work achieves highest power gain and performs good
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noise figure at high gain mode in 5.25-GHz band although the power consumption is the

highest. However, the power consumption of this work is endurable in IEEE 802.11 a/b/g

application.

This Work
(Meas.)

[21]72005
IEE EL
(Meas.)

[22]2003
MWCL
(Meas.)

[23]2003
RFIC
(Meas.)

Process

CMOS
0.18um

CMOS
0.18um

CMOS
0.18um

CMOS
0.18um

Center

Frequency

2.45GHz

5.25GHz

5.7 GHz

5.7 GHz

5.75GHz

Vdd

1.

8V

v

1.8V

1.8V

S11/822 (dB)

-12.18/-6.73

-11.02/-12.09

-11.0/-15.0

-15.0/-9.0

>7 / N/A

S21 (dB)

14.4

12.02

16.4

12.5

21.4

NF (dB)

3.54

2.88

3.5

3.7

4.4

NF(high gain)
-NF(low gain)

2.08 dB

2.62 dB

25dB

1.8dB

N/A

Gain Tuning

114 dB

11.85 dB

8 dB

8.9

10.6

[TP3(high gain)
-1IP3(low gain)

12.4 dB

9.8 dB

N/A

12dB

Power

Dispassion

9.42mA

10.12mA

3.2mA

9mA

Table 5 The comparison with the published gain controllable LNA

In gain controllable LNA comparison, highest gain tuning range is presented in Table 5.
The noise figure of this work in 5.25-GHz band is the lowest and linearity improvement is as

expected while operating in low gain mode.
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2.5.2 Switched Gm Sub-Harmonic Mixer

2.5.2.1 Measurement Consideration

The proposed sub-harmonic mixer is designed to down convert the 5.25-GHz differential
signal, thus a Balun for 5.25-GHz is required to translate the RF signal into a differential

signals. We use a Balun offered by CIC, and the Balun can operate at 5.25-GHz.

In addition, a quadrature 2.62-GHz signal is also necessary for the measurement of the
sub-harmonic mixer. The method we adopt here is combining a quadrature hybrid shown in
Fig. 2-27 (a) with two rat-races shown in Fig. 2-27 (b). Ideally the [S] matrix for the

quadrature hybrid has the following form:

0 j 10
“1lj 0 0 1
S]=—=
S1=711 0 0 i (2.39)
01 jo

To realize the operation of the four port device, we excite a unit of signal with desired
frequency into portl of the quadrature hybrid and else ports are terminated by 50€). The
signal power will be evenly divided between port2 and port3, and a phase shift of 90° appears

between these two ports. There is no power coupled to port4, and it is the isolation port. The
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quadrature signal required in this project is accomplished by a quadrature hybrid and two
rat-races illustrated above. The quadrature signals are connected to the LO switching stage
shown in Fig. 2-14. We use the two ports vector network analyzer to identify the 90° phase
shift of the fabricated quadrature Balun. Each ports are terminated by a 502 load except the
measuring two ports. Fig. 2-28 shows the fabricated quadrature Balun and we measure its
S,, S5, S,, Sy, to verify 90° phase shift between port2 and port4. Furthermore, there
should be 180° phase shift between port2 (port4) and port3 (port5). The measured forward

transmitted S-parameters for the quadrature balun are listed below:

S,, =0.440£ - 53.379°

S,, =0.438./126.677°

Fig. 2-28 The fabricated LO port quadrature Balun
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Fig. 2-29 The measured S;parameters forthe fabricated quadrature Balun
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Fig. 2-30 The measured S-parameters for the fabricated quadrature Balun

38



The measured results show that the phase deviation less than 3° is achieved in the
fabricated quadrature Balun. By the measured S-parameters, we can recognize that the
fabricated quadrature Balun is suitable for our proposed sub-harmonic mixer. Fig. 2-29 and
Fig. 2-30 show the magnitude in dB and phase of the measured results, respectively.

The layout of this sub-harmonic mixer is shown in Fig. 2-31, and Fig. 2-33 is the die
photograph of the proposed switched Gm sub-harmonic mixer. Each bias is fed with the
bonding wire connected to the prepared PCB test board except the “vdd” and “vddlo”. The
bonding wire is estimated about 1nH per Imm for the parasitic inductor, and the inductance
must also be simulated with the proposed circuit. All the biases fed with bonding wires in our
sub-harmonic mixer are gate biases, therefore, the variation of the estimated inductance for
bonding wires cause less effect to our circuit’s performance. The PCB test board layout is
shown in Fig. 2-32, and the IF differéntiél porrtét ate connected by bypass capacitors and SMA
connectors. The selected IF here is 10MHz that the loss contributed by the PCB board and the
SMA connector are negligible.

The simplified measurement Setupé are shown in Fig. 2-34 (a~d). The RF and LO signals
are fed on wafer for elimination of undesired parasitic effects. Fig. 2-35 shows the PCB test

board for this sub-harmonic mixer and the whole measurement environment in CIC.

Lap3ls

Ub|rf

Fig. 2-31 The layout of the proposed Fig. 2-32 PCB test board layout of the

sub-harmonic mixer sub-harmonic mixer
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Fig. 2-34 Measurement setup of the proposed switched Gm sub-harmonic mixer for (a) input return
loss (b) conversion gain (c) IIP3 and P1dB (d) noise figure

41



Fig. 2-35 (a) The photo of the PCB test board. (b) (c) The measurement environment in CIC
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2.5.2.2 Measurement Results

By the measurement setups illustrated above, the measured results are listed below. The
RF and LO measurement was performed on-wafer. The biases were fed with bonding wires. A
quadratue LO signal source at 2.62-GHz was used. This new sub-harmonic mixer consumes
no dc power while there is no LO signal input. The buffer consumes 12.42mA dc current from
1.8V power supply. Unfortunately, the measured current indicates that the process condition
now falls at the vicinity of SS-corner. Therefore, the following measured results are compared
with the SS-corner simulation. As shown in Fig. 2-36, the measured RF and LO input return
loss are -17.2 dB at 5.25-GHz and -18.0 dB at 2.62-GHz. The input return losses are well
matched to system impedance in both RF and LO inputs. In this work, a high differential
conversion power gain, 12.8 dB is;achieved (see Eig. 2-37). As can be seen, the maximum
differential conversion power gain is.happened.at the EO power of 4 dBm..

Fig. 2-38 shows the DSB noise figure-against the-IF frequency. The LO signal is fixed to
2.62GHz, and RF signal sweep from $:25GHzto 5.32GHz. The IF frequency we choose is
10-MHz for system integration and cost consideration [1]. The DSB noise figure is 14 dB at
10-MHz.

Finally, Fig. 2-39 shows the input 3 order intercept point (IIP3) of -1.8 dBm. The
linearity of the sub-harmonic mixer is well performed especially the mixer achieves high
conversion gain.

The port to port isolation is also taken into consideration in the proposed sub-harmonic
mixer. The isolation of the fundamental LO signals (2.62-GHz) to RF port and IF port are
higher than 40 dB and 31 dB respectively. The more important is the second harmonic of the
LO signal (5.24-GHz), and it performs higher than 67 dB and 52 dB for RF port and IF port

respectively.
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Fig. 2-39 The simulated and measured third order intercept point (IIP3)
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Post Simulation

Specification Measurement
(SS corner)

Supply Voltage(Volt) 1.8 1.8

LO Power(dBm) 4 4

RF Return Loss(dB) @5.25GHz

LO Return Loss(dB) @2.62GHz

2L.O-to-RF Isolation(dB)

Conversion Power Gain(dB)

1IP3(dBm)

Noise Figure(dB)

Buffer Power Consumption(mW)

Table 7 Summary of the measured results-and post-simulation in SS-corner

2.5.2.3 Comparison with OtherLiteratures

Three sub-harmonic mixers operating at 5.2GHz band are listed and compared with our
work, and they are shown in Table 8. The proposed sub-harmonic mixer achieves high
conversion gain and still remains high linearity by the switched Gm prototype and the PMOS
active load. In addition, it consumes no dc power while there is no LO input. The noise figure
at 1I0MHz is 14.0dB, and this noise drawback can be alleviated by a high gain LNA in front of
this sub-harmonic mixer. Comparing with the listed literatures, the measured noise figure

performs well.
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NF
Ref. Process Pc
(dB)

This 14.0
0.18um . No dc current
Work . @10MHz
CMOS w/o LO
(Meas.) (DSB)

[30] 2005 22.2
0.35um )
ISCAS SiG @50MHz 10.95mW

iGe
(Meas.) (SSB)

[31] 2006
0.18um

MWCL . N/A
CMOS
(Meas.)

[29] 2005 17.7
0.18um
MTT CMOS . @>200MHz
(Meas.) (N/A)

5.96
@OHz
(DSB)

[32] 2004 | 0.25um
(Sim.) | CMOS

[33]12005 | 0.18um
(Sim.) SiGe

N/A

Table 8 The summary-of this work and comparison with other literatures
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Chapter 3

KA BAND LNA UsSING 0.18 ym CMOS

3.1 Introduction

The growing demand for wider bandwidth motivates integrated circuits to move toward
higher frequencies. In the past, GaAs-based HEMT and HBT technology dominate most of
the applications due to lossless substrate in these processes. But the more attractive process,
CMOS, has resulted in a strong motivation to implement these high-frequency and
high-performance RF systems. The loss of the Si-based substrate is a serious issue on building
these high frequency circuits. Fer instance;“the*Si-based substrate caused the on-chip
inductors or on-chip transmission ‘lines to-be loss and hence caused them to be low Q.
However, a high performance CMOS: front=end for applications above 20GHz has been
reported and the performance of these ' €MOS circuits show CMOS process has potential for
building RF systems above 20GHz [34]~[37]. Although the SOI CMOS process has
demonstrated excellent performance in LNA designs, the standard bulk CMOS process still
attractive due to the cost and the integration consideration. Here we use the TSMC 0.18um
CMOS technology to implement the K-band low noise amplifier. The technology offers
polysilicon resistor, MIM capacitance, and six metallization layers. The substrate resistivity is
15~25Q2-cm [35]. To operate upper K-band, low loss inductors with small inductance and
high self-resonance frequency are required. As shown in Fig. 3-1, to minimize the resistive
loss, the transmission lines which are used as inductors are placed on the top most layer with
2um thickness. Ideally the wide transmission lines are preferred to lower resistive loss, but

wide transmission lines lead to more substrate loss by parasitic capacitance. Here the width of
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the transmission line is optimized to have higher quality factor. All the transmission lines are
simulated by the EM simulator, sonnet 9.52, to consider the radiation loss and parasitic

effects.

Fig. 3-1 Using top metal as the transmission line

1 1 ﬁ"-‘-‘-"?‘j':“r'r-.—l‘::’::? ¥
3.2 System App|lcatI0I;lE§§.~;s.a i,

Fig. 3-2 Simplified block diagram of a 24-GHz Receiver

Fig. 3-2 shows the simplified block diagram of a typical receiver. In this architecture, the
RF amplification and down conversion stage are the most challenging to implement in CMOS.
In this work, a 24-GHz LNA is designed and validated by the standard 0.18um CMOS
process.

A system application, LMDS, is introduced in this section and Table 9 summarizes some
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features of this system [38]. LMDS 1is a broadband wireless point-to-point or
point-to-multipoint communication system operating above 20 GHz (depending on country of
licensing) that can be used to provide digital two-way voice, data, Internet, and video services.
This system provides network service to area with poor or nonexistent wired infrastructure.
Comparing to wire-line, lower infrastructure costs are required by LMDS.

LMDS point-to-point wireless applications include connections between cell phone
towers and central offices, or trunk connections between metropolitan buildings at data rates
between 150 Mbps and 620 Mbps over a range of 2 km. Point-to-multipoint products can
transmit packets at 150 Mbps omnidirectionally over a distance of 1 to 3 km. LMDS operates
in 24 GHz, 28 GHz, and 39 GHz frequencies achieving data rates of 100Mbps with 45 Mbps

being more typical rates

System LMDS

Frequency Range 24GHz 28GHz 39GHz

Application Point-to-point Point-to-multipoint
Distance 2km 1~3km

Data Rate 150~620 Mbps 150 Mbps
Modulation Method TDMA FDMA CDMA

Target Market Large & Medium Enterprise

Table 9 Summary of the LMDS system

3.3 Circuit Design

There are several prototypes to construct the 24GHz LNA. Since the transistor’s gain is
not sufficient in such high frequency, three cascaded common source stages are applied to
build the proposed LNA. The choices of the MOSFET in each stage dominate the
performance of the designed LNA. Taking the transistor into simulator and analyzing the
major characteristic of the transistor is the first step in our design flow. To connect each stage

by the transmission lines bring the problem of inter-stage matching networks. And the
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inter-stage matching networks should be designed carefully to have maximum power transfer.

Properly choosing the I', locating between constant NF circle and constant available gain

circle, and these circles help us to analyze the behavior and characteristic of the LNA.

3.3.1 Proper Device Size Choice

Short-Circuit Current Gain versus VGS

Current_Gain

V@%éﬁﬁﬂ?ﬂ

WES=700
VES=E00.m

VES=500.m

10— e e
0 10 20 30 40 50 60 70 80 90 100 110

freq, GHz

Fig. 3-3 Stmulationresults of* f, versus VGS

MAG

I N S I S I
11 111 211 311 411 511 611 711 811 911 101.1110.0

freq, GHz
Fig. 3-4 Simulation results of f__ versus VGS

max
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The TSMC 0.18um MOSFET have been demonstrated with the cut-off frequency and the
maximum oscillation frequency of 70GHz and 58GHz, respectively [34]. We take the
MOSFET with width 35um and length 0.18um for simulation. The modified MOSFET model

for simulation is based on the BSIMv3 SPICE model, with some passive components added

to take into account of the parasitic effects in the microwave. The simulated results for f,

and f__

X

versus Vas are shown in Fig. 3-3 and Fig. 3-4, respectively. And it confirms our
quote from [34].

The first stage of the proposed LNA should be low noise to suppress the noise figure of
the LNA. Properly choosing the transistor size and the source degeneration inductor makes
the minimum noise and available gain to simultaneously attain. Finally, constructing each
common source stage step by step, we can illustrate the designed LNA perform gain and noise

figure as expected.

m2
20— VDS=1000.00m—
IDS.i=4.00052m
5] VGS=0.700000 —
£ 1 ¥GS=0.800
o 10_’ M
@ 5 VGE=0.800 m4
LE a W . indep(m4)=1000_00m B
Y o ¥ e ey VG5S0700 plot_vs(Gm, DC.VDS)=30.1814m
3 . 7 |VGS=0.700000, index=1
7 ettt V58=0.600 - L s = :
e s e eaauene IR o = e
04 0B 08 10 12 14 16 18 003 WVGS:U.TDU,\MQF1
B8 § ]
8 VDS=1000.00m b M WGS=0600, index=1
5] NFmin[0]=1.67155 g
] Vs 00090 1 o &gy WG2=0.500, index=1
23+ YGE=1.000 il
- M= T T T 1

T
WVGEE=0.900 0.4 0.6 08 1.0 3.2 1.4 16 138

i M V35=0,500
i Mﬁ_‘*— N o
16 Y0@S=0.600

1.4

MFmin{0]

T | T | T | T [ T | T | T
04 0B 08 10 12 14 1B 18
VDS

Fig. 3-5 Simulation of IDS, NFmin , and Gm versus VGS and VDS

To have insight into the characteristic of the MOSFET, the transistor has been simulated
the NFmin, Gm, and current consumption against both Vps and Vas. As shown in Fig. 3-5, the

length and width of the selected transistor is 0.18um and 80um, respectively. To perform low
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power consumption, the Vps of each stage are fixed to 1V. We choose Vas=0.7V to get better
minimal noise figure. As indicated in Fig. 3-5, the selected transistor performs current
consumption of 4mA form 1V power supply, minimal noise figure of 1.67155dB, and

transconductance of 30.1814mA/V.

3.3.2  Stability Circle

The stability of an amplifier is a very important consideration in a design and can be
determined by the S parameter, the matching networks, and the terminations. Input and output
stability circle is plotted to determine the stable region. The input and output stability circles
can be plotted on Smith chart by the S-parameter of a selected transistor at one frequency
point:

(Output Stability Circle)
S12821

L =|m| (radius) (3.1)
22
S,, 2AS)
L :w (center) (3.2)
22
(Input Stability Circle)
S,,S :
rs 4%\ (radius) (3.3)
11
S, —AS,,)
. =|(S“|2——|22)|2 (center) (3.4)
11
A=35,5,-5,,5, (3.5)

(3.1) and (3.2) show the radius and center of the output stability circle. Meanwhile, (3.3)
and (3.4) shows the radius and center of the input stability circle. Applying the simulated
S-parameters into (3.1) ~ (3.5), we can plot the input and output stability circles. Fig. 3-6 and
Fig. 3-7 show the plotted input and output stability circles at 24-GHz. We can observe that the

selected MOSFET at fixed bias condition exhibits potentially unstable. If there are some

variations due to CMOS process, it causes the selected I', or I'| to be inside the unstable
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region. Hence, we need to use the source degeneration to stabilize the MOSEFET.

[mRF,:]

Source_stabcir

indep(Source_stabcirfmRF,::]) (0.000 to 51.000)

Fig. 3-6 Plot the input stability circle on smith chart

without source degeneration

Outpit Stability

[mRF,:]

Load_stabcir|

indep(Load_stabcir[mRF,::]) (0.000 to 51.000)
Fig. 3-7 Plot the output stability circle on smith chart

without source degeneration
There is also one notice that simultaneously conjugated match implies that the two port
device is unconditional stable. The simultaneously conjugated match causes the device to

perform maximum available gain, and the input VSWR will be 1. However, input return loss
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is often sacrificed to obtain noise matching. Hence, the source degeneration here not only
keeps the MOSFET to be unconditional stable, but also makes the input impedance and noise

figure match simultaneously.

Fig. 3-9 Plot the output stability circle on smith chart

with source inductor of 0.1nH

In addition, the additional source inductance doesn’t seriously degrade the noise
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performance. The size of the source degeneration inductor must be selected carefully, since
increasing the inductance reduces amplifier gain. Here a source degeneration inductor of
0.1nH is selected, and the stability circle is plotted in Fig. 3-8 and Fig. 3-9. The MOSFET is

unconditional stable now.

3.3.3 Available Gain Circle

The power gain of the proposed LNA can be estimated by plotting the constant available
gain circle. (3.6) and (3.7) indicate the center and radius of the available gain circle,
respectively. The g, ,K,and C, in (3.6) and (3.7) are listed in (3.9), (3.10), and (3.11) [1].
The C, and r, are both functions of [S] and TI,. By determining the needed available

gain, I, must locate at the constant available gain circle. The power gain design goal of our

proposed LNA is about 15 dB, this means 6 dB-power gain is required for each common
source stage. The selected source inductor is 0:1nH; this produces the power gain about 6.95

dB for maximum power transfer. Fig..3-10_shows the constant available gain circles from

6.953 dB to 3.953 dB.

9.C/
C,= (3.6)
1+ga(| S11 |2 _|A|2)
1
_[1-2K(S,8,19,+18,,5, [ 21 67
) 11+9,(S, P =[A")]
1S, P (=T )
G, = S ilAr =13, & Qa (3.8)
(-] -% S)[1-S,I, [ '
l_sllrs
g, = GA _ 1_|Fs |2 (3 9)
: 1S, |2 1-]S,, |2 +| T |2 (S, |2 _|A|2)_2Re(rsc1) '
C, =S, —AS,, (3.10)
_ 2 2 2
K=1 IS " =15, " +]|A] (3.11)
215,,5, |
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gain=3.953

GAcircles

cir_pts (0.000 to 51.000)
Fig. 3-10 Plot the available power gain circle on smith

chart with source inductor of 0.1nH

3.3.4 Noise Circle

The noise figure is a major-performance measure€ in a low noise amplifier design. If the

MOSFET is selected and biased at a fixed voltage, the noise figure performance is dominated

by the selection of T’;. Selection of I'{ ‘equal'to I, always sacrifices the available power

gain and input VSWR. Constant noise figure circles are needed to recognize the trade off

between gain and noise. Eq. (3.12) shows the noise figure indication, and it depends on F . ,

r, and I,,. These quantities are known as the noise parameters and are given by the

manufacturer of the transistor or can be determined experimentally. Hence, giving a constant
noise figure, F,, (3.12) is a function of I'|. (3.12) can be rewritten to a spherical form of
(3.13) and N, also can be identified by a given F,. Therefore, a constant noise figure circle
can be plotted on Iy plane. The center and radius of a constant noise figure circle can be
determined obviously and they are listed in (3.15) and (3.16) respectively. Fig. 3-11 shows the

constant noise figure circles from F_. of 1.508dB to NF of 2.108dB.
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4rn |Fs _Fopt |2

F=F. ; (3.12)
(A= |T, ) [1+T,, |
1—‘opt 2 Ni2 + Ni(l_ | 1—‘opt |2)
[T - = 5 (3.13)
1+ N, 1+N,)
I:i_Fmin
N‘:—4r |1+ T, (3.14)
r
C,=—=X 3.15
Fi 1+Ni ( )
1
W= JNf + N (1= Ty ) (3.16)

NF=1.708
NF=1.908

NF=2.108

Noise_circleMin

Noise_circles

cir_pts (0.000 to 51.000)

Fig. 3-11 Plot the constant noise figure circle on smith

chart with source inductor of 0.1nH

Using the constant circles illustrated above and plotting these circles on a I'; plane, a

clear inspection can be obtained. As shown in Fig. 3-12, I’y is selected for input VSWR

consideration. If the selected Ijequalto I, the input VSWR must be poor.
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Input stability circle

Constant Ga circle

[MRF. ]

GAdrcles

Source_stabcir

MNoise_circleMin

Noise_circles

indep{Source_stabcirimRF,::]) (0.000 to 51.000%
cir_pts {0.000 to 51.000})

Fig. 3-12 Plot constant GA, NF circles and input

stability circle on I’y plane

Otherwise, if the I, is selected sfor-.maximum power transfer, the noise figure

performance must be sacrificed. 'Hence, using source degeneration inductor makes these

tradeoffs possible. The single stage performance of the selected I’y is shown in Table 10.

The output matching network of each ‘stage is ‘designed for maximum power transfer, that is

Noise Figure
(dB) with source
impedance at

marker GammaS

Source impedance
at marker

GammaS

Optimal load impedance for
power transfer when source
impedance at marker
GammasS is presented to

input

Transducer power
gain (dB) when
these source and
load impedances are

used

2.154

12.548+j37.103

20.701+j53.987

6.878

Table 10 Single stage performance of the selected I

Once the T, is selected, the input matching network can be obtained. Fig. 3-13 shows

the input matching network for selected I'. The matching network is accomplished by the
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Ansoft Designer SV. First, we need to assume all the lump components to be idea. After
finding out all the desired values for matching network, the practical components are

implemented and simulated to fit them.

1 < < <1 < <+
: : : S
: : : A
- PAD i 40pH |  250fF) '+ S6pH &
-0~ H—0004
: : : e : :
: : : P SR
suﬂ§ ' 60fF ; : : : :
ol ey e
— [ ] — [ ] [ ] [ ] — [ ]
[ ] [ ] L] [ ] ]
‘ : : - :
[ | [ ] ] [ | [ |
; ; : ; :
(0] 1] [2) ® 0

Fig. 3-13 Input matching network by the selected I

Fig. 3-14 Matching behavior form 50C) to T

S

Fig. 3-14 shows the matching behavior for the consideration of bias and dc block, and

the passive components are ideal. By the number of steps denoted on graphic, clearly the 50(2
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source impedance is shifted to the desired T7.

The matching network has to consider the parasitic pad capacitance and any connected
lines. For the size of 100um X 100um,the pad capacitance is estimated of 60fF between metal
6 and metal 1 [35]. All the inductors in such high frequency must be simulated by the EM
simulator, and each inductor in the circuits must be separated at least 50um to reduce
unwanted coupling effects. The series connected inductors in the input matching network are
added for keeping inductors 50um away [36]. The transmission lines as well as inductors are
implemented on the top metal layer made of 2-um-think AlCu.

The capacitors in the designed LNA all are shield type. For circuits operating upper than
20-GHz, the shield capacitor is expected to isolate unwanted substrate noise. The equivalent
RLC model for the shield and w/o shield capacitor is shown in Fig. 3-15 and Fig. 3-16,
respectively. In these two equivalent circuits, the.inter-metal dielectric Cmim is the main
element of the capacitor. Rtop and Ltop are theparasites existing in the electrode connected to
portl, and Rbot and Lbot are the'parasites-existing in the electrode connected to port2. Cox of
MIM without shield represents the eapacitance between port2 bottom plate metal and
substrate. Csub and Rsub are parasitic that presents the substrate capacitance and resistance.
Cox of MIM with shield represents the capacitance between port2 bottom metal plate to metal
shield. It is obvious that the MIM capacitor with metal4 shield has higher quality factor than
the one without metal shield. The shield type capacitor also set the substrate noise apart that
higher noise performance can be achieved. Fig. 3-17 and Fig. 3-18 show the geometric
inspection of the MIM capacitor w/i and w/o shield respectively. Both of these capacitors are
formed with metal6, via56, CTMS5 and metal5. But one more shield plate, metal4, is below

metal5 to construct of shield capacitor.
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Fig. 3-15 The equivalent RLC circuit for MIM w/i shield structure

| Ltop Rtﬂp C mim Rbot L.bot
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Top Bottom
(:ﬂt
Rsub Csun
_

Fig. 3-16 The equivalent RLC circuit for MIM w/o shield structure
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Fig. 3-17 3-D view for MIM with metal4 shield

62



Metal 6 viaS6

——————————————————————————

o
o T
s
B o PR o

A N S e
A L RS s ol
i:ﬂ*;'.—‘i.‘h‘.“a‘!’a.‘.“4‘!’4‘?4‘!’4“.*a‘!’4“.5?4‘?&?4?&?4‘?&?&?&?4?&?4?&%"‘

CTMS5 Metals
Fig. 3-18 3-D view for MIM without metal4 shield

3.3.5 Inter Stage Matching Network

nth- stag | | (n+1)th-stag
OM IM

Fig. 3-19 Inter stage matching networks are needed to design

After accomplishing the input matching network for selected I, the output matching
network of 1% stage and input matching network of 2™ stage must be designed simultaneously.
Achieving maximum power transfer is the design goal of inter stage matching networks. This
means that the output matching network of 1% stage must be complex conjugated with the
input matching network of 2™ stage. Fig. 3-19 shows the inter stage networks between each
stages. The matching networks should be designed to suit the bias condition and the
uncomplicated consideration. The compact matching network reduces the resistive loss
produced by the passive components, and achieves higher gain and lower noise contribution.
By this reason, the inter stage system impedance is no longer 50(2. The complex conjugated

impedances are required for inter stage matching networks. In Fig. 3-20, ‘A’ and ‘B’ are so

63



called system impedances in the inter stage matching network. The impedance “A” and “B”

are fixed to 10.57+j28.3. The input matching network of 2nd stage is designed first.

- 5 g < > - » < > - >
Ist —Ll Ist Ind I 2nd drd —LI drd
50 | i i i 5
T JoHom [ v | B08H o [ ] i D60 o | 04
I'si ' A A*Y I Nn: B B* Is I3

Fig. 3-20 The complex conjugated impedances are required in the proposed LNA

2nd stage

(.08nH

Fig. 3-21 The matching behavior and circuits from inter stage matching impedance
(10.57+j28.3) to the T,

S

Fig. 3-21 shows the matching behavior on Smith chart. Only a transmission line
performing an inductivity of 60pH is required, and this short line indeed reduces the parasitic
loss. The output matching network of 1% stage acts as a high pass filter at the drain of the
MOSFET, and it also suitable for bias. As shown in Fig. 3-22, an inductor of 164pH and a
capacitor of 570fF are required to construct the L-type high pass filter. The inductor and

capacitor must be selected in a realizable scale and also designed for a compact layout.
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5701F
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Fig. 3-22 The matching behavior and circuits from conjugated inter stage matching
impedance (10.57-j28.3) to the ',

The inter-stage between 1% and 2™ stage mow had been completed, and the design

procedure of the following stages is.also identical with this procedure. Because the selected

T, is a little different from the-1% stage. the 2" stage output L-type matching network is

S

different from the 1% stage output matching network.

i

L

Jrd stage

0.08nH

a______.

Fig. 3-23 The matching behavior and circuits from inter stage matching impedance
(10.57+j28.3) to the T,
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Fig. 3-23~Fig. 3-26 show the matching behavior on smith chart and the corresponding
matching networks. Table 11 lists the input or output reflection coefficient used in each stage.
Finally, the structure of the 24-GHz LNA is presented in Fig. 3-27. The simulation results

with ideal passive components and on-chip one are discussed in the next section.

>

w
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2nd smb!zl 162pH

0.08nH
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Fig. 3-24 The matching behavior and circuits from inter stage matching impedance
(10:57+j28.3) to the T,
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Fig. 3-25 Output matching network by the selected I'|,
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Fig. 3-26 Matching behavior form 50Q) to I,

Tsi | 12.548+j37.103

I'Li | 20:701:+753.987

I's2 | 10.574+137.688

I't2 | 15.828+i51.017

I's37"10/574+737.688

T3 | 15.828+i51.017

Table 11 List of each complex reflection coefficient for the designed LNA

VGl Vdd
1 _'_

162pH  VG3

190pH
150pH

RFin

=27 M
601]:1 40pH 250fF 56pH

40pH
83pH  165(F P RFout

Fig. 3-27 The proposed 24-GHz LNA
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3.3.6  The simulation results with ideal and on-chip inductors

The designed architecture above is simulated by the simulator ADS2004A, and the
transmission lines as well as inductors are simulated by the EM simulator sonnet9.52. The
ideal lump components are used, and the results are so called pre-simulation. Each
transmission lines are simulated and the ‘sNp’ files are extracted from the simulation results.
The ideal lump components are replaced with the ‘sNp’ files, and the simulation results are so
called post-simulation. Fig. 3-28~Fig. 3-34 show the simulation results of both pre-simulation
and post-simulation. The S-parameter of the pre-simulation matches our design condition
illustrated above. But the post-simulation shows deviation especially both the T-junctions and
the RF pads are used as simulation components. The 24-GHz LNA was designed first in our
group, and the EM simulator is first applied to the design. Therefore, the 24-GHz LNA is
treated as a test key for further simulation and ‘design in the future. The post-simulation
doesn’t meet our desired standards of-operating in 24-GHz, however, the confirmation of
simulation and measurement results‘is the other-design goal in this project. The simulated data
in Fig. 3-28 ~ Fig. 3-31 revels that the best operation point shifts to 27-GHz. Both the input
and output return losses of the post-simulation are higher than 10dB, and the power gain is
about 13dB. Because the LNA is constructed of three stages, the reverse isolation performs
well above 30dB. The noise figure exhibits about 4.5dB. With this simulated low noise figure,
this designed LNA has competition with the GaAs-based HEMT and HBT technology. The
simulated 1-dB compression point (P1dB) and 3™ order intercept point (IIP3) shows well
linearity, and they are -12.8dBm and -4dBm, respectively. The post-simulation results are

summarized in Table 12.
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Fig. 3-28 The S11 simulated results of the proposed LNA
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Fig. 3-29 The S21 simulated results of the proposed LNA
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Table 12 The pre-simulation and post simulation summary of the proposed LNA

Technology CMOS 0.18um CMOS 0.18um
Center frequency 24GHz 27GHz
vdd 1v 1v
S21 22.35dB 13.005dB
P1dB -18.6dBm -12.8dBm
11P3 -11dBm -4dBm
S11/S22(dB) -16.21/-17.23 -10.38/-10.50
power dispassion 11.85mW 11.85SmW
NF 2.94dB 4.5dB
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3.4 Measurement Consideration and Results

3.4.1 Measurement Consideration

The 24-GHz LNA is designed for on-wafer measurement and prepared to test by CIC
and Nation Center University. The layout follows the rules of CIC for testing. By the layout
shown in Fig. 3-35, the LNA required two 3-pin DC probes for upper and lower side. Tow RF
GSG probes are also required for RF signal, and they are posited left and right side. Fig. 3-36
is the fabricated die photo of the proposed 24-GHz LNA. The probing setup for on-wafer
measurement is shown in Fig. 3-37.

The environment setups for each parameter are shown in Fig. 3-38 (a~c). The
measurement instruments including network analyzer, noise analyzer are provided by CIC,

and the linearity parameters are measured in Nation. Center University.
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3.4.2 Measurement Results and Discussion

The operating frequency of the post-simulation is about 27-GHz, however, the measured
results shift to about 32-GHz. To show the deviation between the post-simulation and
measured results, each parameter is plotted on the same figure. The calibration of the 2-port
network analyzer is difficult for frequency above 30-GHz, therefore, the measured curve is
slightly unsettled above 30-GHz. As shown in Fig. 3-39~ Fig. 3-44, the measured S-parameter
shows that the 3-stage LNA achieves high power gain of 12.08dB, and a 5.325dB noise figure
is accomplished at 32-GHz. The input and output return losses also shifts from 27-GHz to

32-GHz. At 32-GHz, the measured S11 and S22 are -6.3dB and -20.67dB, respectively.
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Fig. 3-39 Post-simulation and measurement of S11
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(Measurement) | (Post-simulation)
Technology 0.18um CMOS 0.18um CMOS
Center frequency 32GHz 27GHz
vdd 1V 1V
S21 12.08dB 13.005dB
P1dB -11dBm -12.8dBm
11P3 0.9dBm -4dBm
S11/S22(dB) -6.3/-20.67 -10.38/-10.50
power dispassion 15.58mW 11.85mW
NF 5.325dB 4.5dB

Table 13 Summary of the post-simulation and measurement
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The post-simulation results are completed by simulating all transmission lines including




all T-junction. However, the coupling form line to line is difficult to take into account. The
main reason is the restriction of EM simulator (sonnet9.52). Each port of the transmission line
must be at the boundary of a rectangle, and this restriction confines the dimension of
simulation. This coupling will cause parasitic capacitance and mutual inductance and hence

the measured results are different from the post-simulation.

3.4.3 Comparison with Other Literatures
This Work [34] [35] [36] [37]
(Meas.) 2004 JSSCC | 2004 MWCL | 2005 MWCL | 2004 RFIC
CMOS CMOS CMOS CMOS
Technology CMOS 90nm
0.18um 0.18um 0.18um 0.18um
Center
32GHz 21.8GHz 23.7GHz 24GHz 20GHz
frequency
Vdd 1v LA 1.8V v 1.5V
S21 12.08dB 15dB 12.86dB 13.1dB 5.8dB
S11/S22(dB) -6.3/-20.67 --/-- -11/-22 -15/-20 -20/-20
power
15.58mW 24mW 54mW 14mW 10mW
dispassion
NF 5.325dB 6dB 5.6dB 3.9dB 6.4dB

Table 14 Measured results and comparison with other literatures

The comparison with recent published literatures is listed in Table 14. By CMOS 0.18um
technology, this measured LNA with highest operating frequency ever reported performs
12.08 dB power gain and consumes 15.58mW from 1V power supply. Comparison shows this
work consumes less power and has competition with other works. The well performed noise

figure shows the noise matching is realized, however, there are still some improvements
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required for this work. This work also demonstrates that 0.18um CMOS process has potential
to implement above 30-GHz LNA. In our feature work, a better device size choice and source
degeneration size selection is the main target for above 30-GHz. In addition, different EM

simulators are requested to the feature works.

3.5 Conclusion

Recent works have shown CMOS as a promising means for building RF circuits in the
low-gigahertz range. However, a high-performance CMOS front-end for applications above
20GHz has been reported and the performance of these CMOS circuits show CMOS process
has potential for building RF systems above 20GHz.[34]~[36]. In this work, a 24-GHz low
noise amplifier is designed, and the measured results shows the LNA achieves 12 dB gain at
30-GHz. By the CMOS 0.18um,itechnology, this work presents the highest operating
frequency compared with the reported literatures. The best matching point of the measured
input return loss does not locate ‘at 30-GHz, however it achieves -21 dB at 35-GHz. This
deviation not only causes the gain lower than-the desired one but also influences the noise
figure performance. The frequency shift in this project is about 3-GHz form 27-GHz to
30-GHz. This phenomenon is observed in our simulation. The T-junction and the RF-pad are
the issue in the EM simulation. The transmission lines as well as inductors in this project are
simulated precisely. But the T-junction does not take into account. If the T-junctions are
simulated, the frequency shift phenomenon appears. The RF pad and the input matching
network are critical issues to the noise figure performance. The realistic RF pad and passive
components contribute about 1.5 dB noise figure than the ideal passive components. These
two problems are needed to overcome, and different EM simulators will be necessary to the

high frequency simulation in the future for coupling affection.
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Chapter 4
K BAND FREQUENCY SOURCE WITH X
BAND Low PHASE NoOISE QUADRATURE
Cmos Vco

4.1 Introduction

Using standard CMOS process to implement millimeter-wave frequency sources had
garnered more and more attention and became a tendency by the reason of low cost and high
integration ability with other analog and digital circuits. The on-chip inductors with low-Q are
the main defect for Si substrate and influence the phase noise directly. However, many
recently published literatures of Si-based iV€Os. had .demonstrated their competition with the
GaAs process [39]~[44].

Above X band, a CMOS VCO with high-performances is difficult to design. With a little
increment of power consumption, frequency doubling scheme is the reasonable and effective
approach to improving performance. There are several reasons to use a lower frequency
oscillator with a frequency doubler instead of an oscillator operating at a higher frequency.
Generally, the phase noise of the latter is higher than that of the former. Furthermore, the
usage of a frequency doubler mitigates the design difficulty of a high-frequency phase-locked
loop (PLL). In general, a VCO has an oscillation frequency up to ~ f__ and a frequency
divider operates approximately up to 1/4~1/2 of f;. It is very difficult to increase the
operating frequency of a frequency divider up to the output of a high-frequency VCO.

A pair of differential signals of 2x f; can be realized by a balanced doubling method.
To get a high-quality signal of a frequency doubler, accurate quadrature signals with low

phase noises are required. A simple method to obtain accurate quadrature signals with low
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phase noises is to couple two symmetric LC-tank VCOs [41]. Several quadrature VCOs had
been implemented and demonstrated in the X-band [39]~[44]. Hence, a K band CMOS

frequency source with X band low phase noise quadrature VCO will be presented.

4.2 Circuit Design

4.2.1 Quadrature Signal

0° 90°

180° 270°

(a) (b)
Fig. 4-1 Quadrature VCO architecture (a) connection of blocks (b) Transfer characteristic

Fig. 4-1 (a)(b) show the quadrature VCO architecture. The quadrature phase VCO
comprises two mutually-coupled fixed frequency LC-oscillators. Frequency tuning is
achieved by varying the coupling coefficient (B) between two oscillators. Oscillation
frequency is adjusted along with loop gain compensation (). This mechanism ensures that
current injected into LC tank remains constant regardless of frequency tuning. Thus
AM-to-PM phase noise conversion can be suppressed [41]

Consider two fixed-frequency LC oscillators whose outputs are coupled to their inputs

with the coupling coefficients  and -f, as shown in Fig. 4-1. Each oscillator is modeled by a
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positive feedback loop with open loop gain H(jo). In steady-state, and if the two oscillators
synchronize to a single oscillation frequency, ®, the output of each oscillator must satisfy the

following equations:

(X - pY)H(jo)=X (4.1)

(@Y + PXOH(jo) =Y (4.2)
It can be proven that

X ==£JY (4.3)

This proves that the oscillatory system of Fig. 4-1 indeed provides quadrature outputs X

and Y. By substituting equation (4.3) into equation (4.2), equation (4.4) can be derived.
(@t jpH(jo)=1 (4.4)

Equation (4.4) governs the frequency transfer characteristic of the quadrature phase VCO.
As the close loop phase response of these oscillators is varied by adjusting a/f3, VCO's output

frequency can be changed accordingly.

422 Frequency Doubler

4.2.2.1 Harmonics of Quadrature Signals

A VCO exhibits a strong nonlinear effect by the reason of the large output swing in the
resonator. Since the nonlinear effect is related to many different physical phenomena, it

cannot be modeled easily [39]. The output of a VCO now is modeled simply as a polynomial
Vo, =A +AX+AX+... (4.5)

where the A, ’s are the harmonic coefficients and X is the input signal. If X is substituted by

cos(awt + @), then equation (4.5) can be derived as equation (4.6):

A
V. = (A +i+—“)+(Al +§A3)cos(a)t +6)
2 2 4
+(%+%)cos(2wt +2t9)+(%)cos(3wt +36)+... (4.6)
If the four quadrature signals with the different phases of a quadrature VCO are inserted into
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(4.6), and fundamental frequency components are canceled out by adding two output signals
with an input phase difference of 180°. A frequency-doubled differential signals are obtained

and it follows:

Vi (cos(at)) +V , (cos(at + 7))

AZ
=~ 2(A, +7) + A, cos2at) +.... @7

Vi (cos(at — %)) +V, (cos(at + %))
~2(A, +i) + A, cosLat + ) +....
2 (4.8)

The results show that a set of quadrature signals can create a pair of differential output with

doubled-frequency, 2x f.

4.2.2.2 Pinch-off Clipping

i
U

input

Q ﬂ pinch-oft

\/ time

-

output

-
-

time

Fig. 4-2 Output signal of a pinchoff clipper derived by an input sinusoidal

signal with low dc bias.

The device nonlinearity of a negative conductance cell mainly influences harmonics.
Since a MOSFET has high linearity and low f;, the harmonics of a MOS VCO are too small
to use as a signal source, even though output power is increased by the push—push method.
Thus, some nonlinearity operation must be introduced to increase the nonlinear terms.
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Pinch-off clipping is a common method to increase harmonic power and the waveform of
nonlinear operation is shown in Fig. 4-2. The output power can be thought of multiplying a

square wave and a cosine wave. And this phenomenon can be represented as follows:

V, =V, -V, =[A, cos(at + (9)]{80 + i B, cos{(Zn+1)awt +(2n + 1)9}}

n=1

= A B, cos(at +0) + i%{cos{@n)aﬁ +(2n)0} + cos{2(n+ Nt +2(n + 1)6’}] (4.9)

n=1

If the driven signals have 180° phase difference and we combine these according two outputs,

the output summation can be derived as follow:

Vim = i A B, [cos{2nat} + cos{2(n + 1)t} ] (4.10)

n=1

The results show that a pinch-off clipping can create a signal with doubled-frequency, 2x f.
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Fig. 4-3 The pinch-off clipping circuit used as a doubler in this project

The pinch-off clipping method is generally realized by driving a MOSFET with large
signals. Fig. 4-3 shows the balanced pinch-off clipping circuits used in this project. Four
PMOS transistors and two load inductors compose this clipper. And these PMOS transistors
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are driven by a set of quadrature signal form QVCO illustrated in next section. Two inductors
are served as loading of the summation signal. Buffers are required for the consideration of
measurement. Two bias-T networks are also used at the output of MQ7 and MI7. By the

simulation results, these two balanced clippers consume totally about 4.9mW.

423 Proposed K Band VCO Architecture
. 2:_;,: (= 2t
Quadrature | DC-level ———> Pinch-Off Buffer —
. . ol .
VCO Shifter Etﬁgﬂ:-l Clipper m
o
Fig. 4-4 Block diagram of the K band frequency source
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Fig. 4-5 The proposed quadrature voltage controlled oscillator.

Fig. 4-4 shows block diagrams of a balanced frequency doubler and quadrature VCO.

The pinch off clipper is requested to increase the power of harmonics. The pinch off clipper in

this project is constructed by PMOS transistors. Thus, the input of a pinch off clipper should
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be biased at a higher dc level. However, the dc level of a VCO output is equal to the zero or
half of that in a P-type or PN-type VCO. Dc level shifters are combined with the conventional
P-type VCO to shift the output dc level of a QVCO at higher level. The quadrature VCO
combining with dc shifter is shown Fig. 4-5.

The phase noise is a major consideration in a VCO design. The phase noise estimation

has been widely discussed. For a single LC-oscillator, its phase noise can be expressed as

below:
L{Aw} =101 8FKTRy (@, )
w}=10-1o - 4.11
8 V2 2QAw @.10)
4Rl 4
F :1+#+§mmm Rey (4.12)

[¢]

Where |, is the bias current, y is the channel noise coefficient of the MOSFET, and
Umwi 18 the transconductance of:the, curtent source-MOSFET, R is the equal impedance

of the LC tank, V, is the amplitude of the-oscillator [45].

The oscillation frequency can‘be roughly estimated by (4.13) [47].

1
d +CMOS +Cvar)

fo—

loa

where C C Cyos » C., are the parasitic capacitances of inductor, load, MOS

ind > load »
transistor, and the varactor capacitance, respectively.

The proposed VCO has low noise due to three noise-reduction mechanisms. The
negative resistance cells are all constructed by cross-coupled PMOS transistors first to lower
the phase noise contributing from the flicker noise of MOSFETs.

The second is that only those cross-coupled transistors are biased in the saturation region.
The transistor in the triode region exhibits low gain and low noise, while the transistor in the
saturation region exhibits high gain and high noise [39]. In our proposed QVCO, MQ1 (MI1)
and MQ2 (MI2) are quadratre coupling transistors and they do not need high gain. Therefore,

the coupling transistors are all biased at deep triode region and their contributed noise is
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negligible.

The last is the improvement of loaded Q. The biases of cross-coupled transistors in a
VCO are all in a saturation region to provide negative resistance. However, these transistors
are pushed into a triode region by the large output swing of a resonator for part of a period.
The low output resistance of a transistor in a triode region decreases the loaded Q and hence
depresses the phase noise performance. The coupling transistors are serves as current sources
in this project. Even though they are not good current sources because they are biased in deep
triode region. The improvement of the phase noise is similar or superior due to the absence of
noise contributed from current source.

All the parameters are simulated by eldoRF and ADS2004, and the EM simulator (sonnet
9.52) is also used for post-simulation. The simulated results are shown and discussed in next

section.

4.3 Simulation Results

All the simulations are based on the TSMC 0.18um CMOS technology. Fig. 4-6 shows
that the proposed K band oscillator operating at 19.1-GHz, and the fundamental signal is
suppressed about 45 dBc. In addition, the simulated tuning range of the VCO is 700-MHz and
it is shown in Fig. 4-7. Fig. 4-8 shows the simulated phase noise, and the simulated result
reveals that a phase noise of -112dBc/Hz is achieved in K band. Otherwise, the phase noise of
the X band quadrature signal is also plotted, and it performs 6 dB lower than the K band. The
core circuit of quadrature VCO and balanced doubler consume 10.92mW and 4.89mW,
respectively. The power supply voltage is designed to be 1.5V for measurement consideration.
The buffer consumes 31.679mW and the spectrum output power is about -3.5dBm. Finally,
the transient waveform of K band signal source and X band quadrature signal in time domain
are shown in Fig. 4-9 and Fig. 4-10, respectively. Table 15 summarizes the performance of
our proposed K band VCO.
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Specification

Post Simulation

Process

CMOS 0.18um

Supply Voltage(Volt)

1.5

Frequency Range(GHz)

18.8~19.5

Output Power(dBm)

-3.21dBm

Tuning Range(MHz)

700 (3.655%)

Phase Noise(dBc/Hz)@1MHz

-112

Tuning Senstivity(MHz/V)

350

FOM(dB)

185.63

Power

Consumption

(mW)

Core(QVCO+doubler)

10.92+4.89=15.81

Buffer

31.679

Total

47.489

Table 15 Performance summary of the proposed K band VCO

4.4 Comparisons

eference

Specification

[39]
2005 MTT
Meas.

[40]
2004 M'TTF
Meas.

This Work

Sim.

Process

CMOS 0. 1-8unt

CMOS 0.18um

CMOS 0.18um

Supply Voltage(V)

1.8

I8

1.5

Frequency
Range(GHz)

19.84~22.01

9.3~10.4

18.8~19.5 9.4~9.75

Output
Power(dBm)

-6.83

N/A

-3.21dBm N/A

Tuning
Range(MHz)

2170

1100

700 350

Phase Noise
(dBc/Hz)

-111.67@1MHz

-91@100kHz

112@1MHz
-87.5@100kHz

-118@1MHz
-93.5@100kHz

FOM(dB)

182.03

165

185.63 187.24

Core Circuit Power

Consumption(mW)

40.32

14.4

Table 16 Comparison with K band and X band VCO

Table 16 shows the comparison with K band and X band VCOs. In order to compare the

performance with other recently proposed works in terms of center frequency, phase noise
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and power consumption, the figure-of-merit (FoM) characteristic is expressed as [40]:

FoM IOIOg{(Af—;J L(/ll)P ] (4.14)

Here, f, is the oscillation frequency of the VCO, Af is the offset frequency, P,is the

0

power consumption and L(A) is the phase noise at the oscillation frequency. The low phase
noise and low power consumption result in high FOM in this work, and the calculated FoM of

each work are listed in Table 16.

4.5 Conclusions

In this future work, we simulated a K band frequency with X band CMOS QVCO. Low
phase noise and high FoM is the main design goal in this K band VCO. The power supply is
designed as 1.5V for measurement consideration, and the buffers operating at K band
consume large power. The simulation results reveal that low power consumption (15.81mW)
and low phase noise (-112 dBc/Hz @-1-MHz).is accomplished in K band. However, some
prototypes such as transformers still'benefit the performance of a VCO [40]. These prototypes

will be the feature study for us.
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