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5/2.4GHz CMOQOS Transmitter Front-End
Design for 802.11a/b/g Wireless LAN

Student : Mu-Shan Lin Advisor : Dr. Kuei—-Ann Wen

Department of Electronics Engineering
Institute of Electronics

National Chiao-Tung University

Abstract

Based on IEEE 802.11a/b/g standards, the specification of dual-band transmitter
front-end has been specified. Two 5GHz CMOS RF transmitters front-end have been
implemented by UMC 0.18um CMOS mixed-mode technology. One is designed for
high linearity while another is designed for low power applications. The transmitters
adopted the same direct-conversion architecture and composed of a quadrature
single-side band mixer and a pre-amplifier. With inputting 1MHz base band (BB)
signals and 5.25GHz local oscillator (LO) signals, after up-conversing, the output
frequency locates at 5.251 GHz. The measurement results exhibit that the TXFE for
high linearity design achieves enough conversion gain of 8.6 dB for specification, and

obtains high linearity performance of 6.3 dBm IIP3 and 13 dBm OIP3. Moreover, the



maximum output power is 2.3dBm for input 1dB compression point of -5.3 dBm
(P1dB). This transmitter could meets the transmit spectrum mask for 802.11a 54Mb/s,
64QAM signals with consuming 68mW at 1.8V power supply. Finally, based on this
5GHz transmitter architecture, the dual-band transmitter front-end has been proposed.
To improve the power consumption and decrease the circuit area, a novel architecture
adopted single mixer and followed by two pre-amplifiers. Simulation results indicate
that this design achieves 7.0dB conversion gain, and obtains the maximum output
power of 1dBm for -5dBm P1dB for 2.4 GHz operation while achieves 7.1dB
conversion gain, and obtains the maximum output power of 0.4dBm for -5.7dBm
P1dB for 5.25 GHz operation which could meet the specifications of dual-band

transmitter front-end. This dual-band transmitter consumes only 44mW at 1.8 power

supply.
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Chapter 1

Introduction

1.1 Background

In recent years, the proliferation of multiple WLAN standards has created the
need of multi-mode, multi-band transceivers. The extent of the demands made on
multi-standard single RF chips further increases.the complexity of the circuits and
the required flexibility, these requirements lead -to high power consumption,
degradation of low-noise characteristics, and large chip size. Therefore, it attracts
the research of design and integrating multi-mode/multi-band RF circuits. The
major challenge of such a flexible radio is the ability to operate at a wide radio
frequency (RF) range and a varied dynamic range while preserving power
efficiency and maintaining low cost. CMOS process technology has been proven to
be a viable candidate for a low-cost radio solution due to its compatibility with

high levels of integration.

1.2 Motivation

For the concern of high integration and low power consumption, there are a few

1



existing designs with dual or multiple frequency bands [8], [9].The most popular

architecture is to design individual transmitting paths for different communication

standards. The disadvantage of such design is its large area required, and duplicated

power consumption. And the more advanced design is to merge different modules

(ex: LNA and mixer) to save current dissipation [1], or to design a single module

with dual-band operation [2], which has saved the chip area and obtain higher

integration level.

In this thesis, the objective is to derive a transmitter design applied for

dual-band dual-mode WLAN IEEE:802.11 a/blg.standard. The transmitter consists

of a quadrature mixer and a power amplifier-driver: pre-amplifier. The mixer has

two input signals: base band modulated signal and local oscillator (LO) signal which

provides the carrier frequency of up-conversion, and one output signal: radio

frequency (RF) after up-conversion. Since the LO matching is not so critical,

although operating on high frequency band, a novel mixer reuse structure with

dual-band LO matching was proposed. After up-conversion by the mixer, the output

signal of 5 GHz and 2.4 GHz then pass through a dual-band LC-tank filter which

separates into two paths for further processing by two pre-amplifiers. The proposed

RF front-end not only maintains its high-integration, it is also expandable to

multiple frequency bands if necessary. These are the factors that make our RF



front-end architecture highly suitable for the mobile systems in the future.

1.3 Existing Architectures

Based on the reason of easily integrating, the direct-conversion architecture

was chosen rather than super-heterodyne architecture. Detail comparison will be

described latter. The mixer design of the transmitter faces many compromises

between conversion gain, local oscillator power, linearity, noise figure, port-to-port

isolation, voltage scaling and power consumption, especially for 5 GHz than 2.4

GHz band design. TABLE 1 lists the literatures proposed in recent years.

TABLE 1 5-GHz Transmitter Performance,of Recently Literatures

JSSC[3] JSSC[4]| JSSC[5] JSSC[6]| Jssc[7]] 1sscc[8]| 1sscc[9]
2000(a)| 2002(a) 2003(a)f .- 2003(@)] 2003(a)| 2004(a/b/g)|2004(a/blg)
Process 0.25 0.25 0.18 0.18 0.18 0.18 0.25
P1dB(dBm) 19
O-P1dB(dBm) -2.5 6 5
OIP3(dBm) 15| 17.3/13.3
Carrier
22.4 29 41 38
Suppression(dB)
Side-band
334 51 54 50 45
Rejection(dB)
EVM(dB) -33 -33 -29.3
Output
22 -5 0/-1 8119
Power(dBm)
TX Power
120 790 380 302 135 134 670/710
Dissipation(mWw)
Integration PA|LPF/VVGA/PA]| DAC/LPF LPH PA

And Fig. 1 summarize the required performance for each specification such as



ouput-P1dB, OIP3, carrier rejection, side-band rejection and maximum output power,

etc.

# J2000(a)
] J2002(a)

© J2003(a)

© J2003(a)

A J2003(a)

M 12004(a)

M 12004(b)

X 12004(a/blg)

circuit architectures have been implemented for 802.11a transmission specification.

After comparing the performance of both architectures, one of the two

implementations has been applied for another dual-band design. A novel mixer reuse

dual-band transmitter has been implemented that is capable of operating at two

different frequencies and satisfies the specification of 802.11a and 802.11b,

respectively.



1.4 Organization

This thesis describes the design of RF transmitter frond-end for 5 GHz and 2.4
GHz wireless LAN applications. Chapter 2 reviews two conventional transmitter
architectures, and states the advantages and drawbacks of each architecture and also
expresses why a direct-conversion architecture was chosen, what issues will induce
and how to resolve. Chapter 3 introduces the IEEE 802.11a and 802.11b standard for
transmission, and institutes the transmitter specification which could meet these two
standards simultaneously. Chapter 4 deals with the analyses for mixer, and
pre-amplifier, respectively. Chapter 5 then describes.two implementations of 5 GHz
transmitter.  One is designed for high linearity while the other is designed for low
power application. After comparing the-performance of these two transmitters, a
dual-band transmitter has been proposed. Chapter 6 shows the experimental results
including layout considerations, high frequency balun design, testing setup, and
measurement results. Chapter 7 draws a conclusion and states how to improve this

work in the future.



Chapter 2

Architecture

The recent surge in application of radio-frequency (RF) transceivers has been
accompanied with aggressive goals: low cost, low power dissipation, and small form
factor. The architecture and frequency plan of the RF transceiver play an important
role in the complexity and performance:of the.overall system. Because the base band
signal is produced in the transmitter and hence is sufficiently strong. There are fewer
transmitter architectures than ‘those ‘of receivers, -due to issues such as noise,
interference rejection, and band selectivity being more relaxed in transmitter designs.
Two of the most common choices in transceiver architecture are the traditional

“super-heterodyne” and “direct conversion” architecture [11].

2.1 Super-Heterodyne Transmitter

2.1.1 Operation of Super-Heterodyne Transmitter

A transmitter architecture as shown in Fig. 2 is called *“super-heterodyne”

architecture [10]. In the first stage, after passing through the DAC and low-pass



filter (LPF) to select the desired band signal, the base band modulated in-phase and
quadrature-phase signals first up-converse to intermediate frequency (IF) by LO1,
and then sum up. This stage is followed by a band-pass filter (BPF) to filter
out-of-band image occurred from the mixer in the first stage. Continuously, the
intermediate frequency signal up-converses again to expected RF band by LO2 and
followed by another band-pass filter (BPF) to further filter out-of-band image and
then a power amplifier driver and finally a power amplifier to amplify the signal to

desired power level.

&

LPF

| | bac

Y

@D

LO1 IF RF
BPF BPF Preamp PA

Q —»] oac B

LO2

LPF

Fig. 2 Super-Heterodyne Transmitter

2.1.2 Advantages and Drawbacks

Due to the twice of up-conversions, a super-heterodyne transmitter is also
called “two-step transmitter”. By properly choosing the IF frequency, the frequency
of two VCOs: LO1 and LO2 will be far from the frequency of the PA and this will
prevent the “injection pulling” problem. The injection pulling phenomenon will be

express later. Besides, since the in-phase and gquadrature-phase signals are summed



at IF frequency which will be lower than RF frequency, 1/Q mismatch problem
resulted from process variation will be mitigated. However, a high-Q filter is
required for the image-reject BPF, but a high-Q filter is hard to implement on chip.
This violates the objectives of highly integration and low cost. In the meanwhile,
two frequency synthesizers are needed for each LO1 and LO2 resulting in more
circuits and higher power consumption. Finally, the frequency planning is

complicated for LO1 and LO2 to avoid the image problem as far as possible.

2.2 Direct-Conversion Transmitter

2.2.1 Operation of Direct-Conversion Transmitter

Another conventional architecturefor transmitter is shown as Fig. 3. As implied
by the name of “direct-conversion”, the base band in-phase and quadrature-phase
signals first pass through the DAC and low-pass filter (LPF) and then directly
up-converse to RF band by only one mixer and of course only one LO signal is
required. After summing the 1/Q signals on RF band, continuously, the signal passes
through a power amplifier driver: pre-amplifier and a BPF as well, and finally passes
through a power amplifier to provide enough power level to the antenna. As for the
BPF, its function is the same as the last one in super-heterodyne transmitter to filter

out-of-band image



| —| vac || B
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LO Preamp BRPFF PA
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Fig. 3 Direct-Conversion Transmitter

2.2.2 Advantages and Drawbacks

Obviously, the difference of direct-conversion transmitter  from
super-heterodyne one is that only one frequency synthesizer for LO is needed and no
high-Q BPF is required. Therefore, comparatively-speaking, a direct-conversion
transmitter has the benefit of lower “power consumption and highly integration.
However, at the cost of suffering from some issues: LO leakage, injection-pulling,

etc.

a. LO Leakage

As we know that the coupling between radio frequency signals is very serious
and almost inevitable. As for direct-conversion transmitter, the coupling effect will
result in LO signal leaks to base band or to RF band as shown in Fig. 4. The LO
leakage to base band will have LO signal modulated by itself. This “self-mixing”

effect will induce a DC-offset term at the mixer output, and probably saturates the

9



DC operation of the next stage [12]. Besides, the LO leakage to RF band will
desensitize next stage since for direct-conversion transmitter, the LO frequency is
the same or almost close to the desired RF frequency. However, this issue will be

mitigated by properly choosing the mixer architecture and carefully layout.

BB RF
LO Leakage

LO

Fig. 4 O lLeakage Issue

b. Injection-Pulling

In a direct-conversion architecture, assume: the frequency of the interference
signal (injected signal) is close to the frequency of the desired signal and has a
magnitude comparable to the desired signal. When magnitude of the interference
increases, frequency of the desired signal may shift toward the interference
frequency and eventually be locked to that frequency. This phenomenon is called
“Injection Pulling” or “Injection Locking” [11]. Fig. 5 describes the phenomenon of
injection pulling that the LO pulling goes more critical as the output power rises.
Because the carrier frequency is equal to the local oscillator frequency in a

direct-conversion architecture and the power of a PA is higher than that of the local

10



oscillator, it is easier to induce large interference. Even the injection level is 40 dB

below original LO, it may still creates considerable disturbance. Thus, good

isolation from PA to VCO becomes important. Usually, VCO must be followed by a

buffer stage to improve isolation and driving ability.

Higher Injection Level

Y

Natural
Frogquency

fo  f fo 7 fo
Fig. 5 Injection Pulling [11]

Further, this phenomenon cansbe resolved:by “offsetting” the LO frequency.
That is, by adding or subtracting; the output-frequency of another oscillator. But
another mixer and BPF are “required.  Additienhally, a new architecture of
“Even-Harmonic mixer” has been induced against this problem [13][14]. This novel
architecture is able to merely use half of LO frequency to achieve the same RF

modulated frequency.

2.3 Summary

The direct-conversion architecture is more easily to be integrated than
super-heterodyne since the latter requires a high-Q band pass filter. Therefore large
lump components are forced to be implemented off chip. The use of

direct-conversion techniques is a promising approach for highly integrated wireless

11



transceivers due to their potential for low-power fully monolithic operation and

extremely broad bandwidth. Their potential for broadband operation is especially

important for future wireless communication applications, where a combination of

digital cellular, GPS, and WLAN applications are required in a single portable

device. Based on these reasons, the direct-conversion architecture is chosen as the

system architecture.

12



Chapter 3

System Behavior Analysis

In this chapter, the IEEE 802.11a and 802.11b standard will be introduced.
Since IEEE 802.11g adopts both the modulations of 802.1la/b standard, a

specification of transmitter front-end suited for 802.11 a/b/g will be instituted.

3.1 Specification introductions

3.1.1 IEEE 802.11a Standard

a. Operating Channels

The operating channel scheme for 802.11a standard is depicted in Fig. 6, which
shall be used with the FCC U-NII (Unlicensed National Information Infrastructure)
frequency allocation [15]. The total bandwidth is 300 MHz divided for lower,
middle, and upper sub-bands. The lower and middle U-NII sub-bands accommodate
eight channels in a total bandwidth of 200 MHz. The upper U-NII band
accommodates four channels in a 100 MHz bandwidth. The centers of the outermost

channels shall be at a distance of 30 MHz from the edge of band for the lower and

13



middle U-NII bands, and 20 MHz for the upper U-NII band. The total frequency

range is 5.15-5.25 GHz for lower band, 5.25-5.35 GHz for middle band, and

5.725-5.825 GHz for upper band, respectively. The bandwidth of each channel is 20

MHz, and each channel has 52 sub-carriers for OFDM modulation with each

sub-carrier having bandwidth of 300 kHz. The maximum output power constraint

with antenna gain is 40mW for lower band, 200mW for middle band, and 800mwW

for upper band, respectively.

./
515GHz 525GHz 535GHz 5.725 GHz 5.825GHz
AN NS 52 carrier total / each ~300kHz

OO

L
T iTr T UL
Fi

|
I

Fig. 6 Channel Allocation of 802.11a Standard

b. Transmit Spectrum Mask

The transmitted spectrum shall have a 0dBr (dB relative to the maximum
spectral density of the signal) of bandwidth not exceeding 18 MHz, -20dBr at
11Mhz frequency offset, -28dBr at 200 MHz frequency offset and -40dBr at 30 MHz
frequency offset and above. The transmitted spectral density of the transmitted

signal shall fall within the spectral mask, as shown in Fig. 7.
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Fig. 7 802.11a Transmit Spectrum Mask

c. PAPR Requirement

As for PAPR constraints, since each channel in IEEE 802.11a standard
composes of 52 sub-carriers. By imaging that each of the 52 sub-carriers of the
OFDM signal is a single-tone sinusoid wave such that the composite waveform in
the time domain will have large peaks and valleys. 1f the peaks of all 52 sinusoid
waves should line up in time, the:-peak‘voltage will-be 52 times larger than that of a
single sinusoid wave. In this critical case, the peak-to-average ratio will be 10log
(52)=17 dB. Therefore, the transceiver must be able to accommodate signals whose
peak amplitudes are 17 dB larger than the average signal. This translates into the
need for a large power back-off in the transmitter. However, in practical applications,
since the signal peaks are infrequent, the peak-to-average ratio requirement can be
significantly less than 17 dB without major degradation in the overall SNR. For
instance, in the case of 16-QAM modulation, simulation indicates that a 6dB

peak-to-average ratio degrades the system SNR by only 0.25 dB [4]. And in practice,
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peak-to-average ratios as low as 4 dB may meet the error vector magnitude (EVM)
and packet error rate (PER) requirements of the IEEE 802.11a specifications.
Generally, a 6dB PAPR is demanded for moderate performance. But in this thesis,
the PAPR was set to be 7dB for 1dB design margin.

d. Center Frequency Leakage

Certain transmitter implementations may cause leakage of the center frequency
component. Such leakage shall not exceed -15 dB relative to overall transmitted
power or, equivalently, +2 dB relative to the average energy of the rest of the

sub-carriers.

3.1.2 |EEE 802.11b Standard

a. Operating Channels

The IEEE 802.11b standard can be discriminated by two operation areas: North
American and European [16]. In this thesis, the design target is the North American
operation. The operating channels scheme for 802.11b standard is shown as Fig. 8.
The frequency range is from 2400 MHz to 2483.5 MHz with total bandwidth of 83.5
MHz. For non-overlapping operation, three channels are used and the channel center
frequencies are: 2412 MHz, 2437 MHz, and 2462 MHz, respectively. Each channel
has bandwidth of 20 MHz. As for overlapping operation, six channels are selected.

The center frequency of each channel shall be at a distance of 10 MHz from the

16



others from 2412 MHz to 2462 MHz. The maximum allowable output power for

North American operation is 27000mW.

1000 mW 1000 mW
/\ /'l\ m L L L L L} L}
2412 MHz 2437 MHz 2462 MHz 2412 MHz 2462 MHz
2400 MHz 2483 .5 MHz 2400 MHz 2483 .5 MHz
Non-overlapping Overlapping

Fig. 8 Channel Allocation of 802.11b Standard

b. Transmit Spectrum Mask

The transmitted spectrum shall jhave-a 0dBr (dB relative to the SIN(x)/x peak)
bandwidth not exceeding 22 MHz, -30dBr at frequency offset of 11MHz to 22 MHz,
-50dBr at frequency offset of 22 MHz'and-above. The transmitted spectral density of

the transmitted signal shall fall within the spectral mask, as shown in Fig. 9.

Transmit Spectrum Mask Unfiltered Sinx/x
o 0dBr

/1N [\

( \

[ I
fc=22 MHz fc=-11 MHz fc fc+11 MHz fc +22 Mhz

-50 dB

Fig. 9 802.11b Transmit Spectrum Mask
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c. Center Frequency Leakage

The RF carrier suppression, measured at the channel center frequency, shall be
at least 15 dB below the peak SIN(x)/x power spectrum. And this RF carrier
suppression shall be measured while transmitting a repetitive 01 data sequence with

the scrambler disabled using D-QPSK modulation.

3.1.3 Summary

As we know that the 802.11g standard adopts both the modulations of 802.11a
and 802.11b with data rate from 1t0 54Mbps and the transmission requirement for
802.11g also agrees with -802:11a/b respectively. A simple summary of

specification about 802.11 a/b/gis listed at TABLE 2.

TABLE 2 802.11a/b/g Specification Summary

802.11a/g
Frequency range 5.15~5.825 GHz
Channel bandwidth 20MHz
Total bandwidth 300 MHz
Modulation OFDM

Data rate 6~54 Mbps

Maximum output power|200 mW(Middle Band)

Carrier suppression 15 dBc
PAPR requirement 4~6dB at least

From the table above, in order to conform with the 802.11a and 802.11b or

even 802.11¢g standards, a minimum operation bandwidth of 300 MHz is required.

As for the maximum output power level will be discuss later.
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3.2 System Architecture

The whole direct-conversion transceiver is shown as Fig. 10. The analog RF
transceiver consists of a transmitter, a receiver, and single frequency synthesizer.
The transmitter front-end contains two quadrature mixers for 1/Q channel

respectively and a single pre-amplifier while the back-end includes a band-pass filter,

and a power amplifier.

QR >FHI SEH
>
v S QD> EHE

Synthesizer @

4534.‘ |

Fig. 10 Analog Transceiver Architecture
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3.3 Specification Analysis

In this section, the gain and linearity link-budget will be described. For
transmitter, since the input signals come from base band modulated signals which
have enough power level, the noise figure issue will be omitted. The transmitter

chain of each block is shown in Fig. 11. They are in sequence DAC, LPF,
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Quadrature-Mixer, Preamp, BPF, PA (power amplifier), Switch of

transmitting/receiving, and at last a channel-select BPF from right to left. And finally,

the signals pass through a RF antenna for transmission.

::*o—%Y

Fig. 11 Transmitter Architecture

Mixer+Preamp

3.3.1 802.11a/g

The IEEE 802.11a/g contains' three sub-bands; and each band has different
output power requirement. In this thesis, the Tower band and middle band are the
objective for 5 GHz design. For middle band design, the maximum output power

with antenna gain is

200mw

200mW =10*log(
ImW

) = 23dBm.

Subtracting from antenna gain of 6 dB, transmitter front-end average output power

23dBm—-6dB =17dBm.

For OFDM modulation, an additional constraint of PAPR is demanded for 7 dB with

1dB design margin. Therefore, the transmitter front-end peak output power is
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17dBm+7dBm = 24dBm.

This value is required at the output of last BPF. A transmitter must be able to

transmit this peak value rather be saturated. Therefore, the linearity of the

transmitter front-end will be a “bottleneck” for our design. The system planning is

shown as TABLE 3. The power amplifier gain was set to be 28 dB [10].

TABLE 3 802.11a/g System Planning

Parameters Mixer+Preamplifer
Poutaavg | 17 19 -5
Pout,peak | 24 26

Gain -2 -2
OP-1dB |[infinite| infinite Infinite

OIP3 [infinite| infinite infinite

3.3.2 802.11b/g

As for IEEE 802.11b/g standard, for.North- American operation, the maximum

output power is
1000mwW =10 Iog(w) =30dBm
ImW
Subtracting from antenna gain of 6 dB: transmitter front-end average output power:
30dBm —6dB = 24dBm

Similarly, this value is required at the output of last BPF. The system planning is
shown at TABLE 4. If the power amplifier gain is also set to be 28 dB, a very

interesting conclusion was arose that the specification of transmitter front-end for

802.11a and 802.11b are the same except the operation band.
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TABLE 4 802.11b/g System Planning

Parameters Mixer+Preamplifer

Pout

Gain
OP-1dB [infinite|infinite infinite
OIP3 infinite|infinite infinite

3.3.3 Dual-Band Specification Summary

Based on the results of system planning for 802.11a and 802.11b from TABLE
3 and TABLE 4, a dual-band transmitter front-end specification for 802.11 a/b/g

standard was specified at TABLE 5.

TABLE 5 Dual-Band TX-EE-Specification

Parameters 802.11a/b/g Specification
Frequency Range 2.4-2.4835GHz/5.15- 5.825GHz
Conversion Gain 7dB

Input-P1dB -5dBm

Output P1dB 2dBm
OIP3 12.5dBm
RF Return Loss <-15dB
LO Return Loss <-15dB
Carrier suppression <15dBc
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Chapter 4

Circuit Analysis

Each system block in RF front-end will be discussed in detail in this chapter,
including mixer and preamplifier circuit design and analysis. At first, the trade-off
between gain and linearity will be described using model of cascaded nonlinearity
stages. Then the design procedure andcircuit. analysis for mixer and preamplifier

will be introduced.

4.1 Transmitter Design Considerations

A transmitter front-end system composes of a mixer and pre-amplifier. Since
the signals are processed by these cascaded stages, it is important to know how the
nonlinearity of each stage is refereed to the input of the cascade. In particular, it is
desirable to calculate an overall input third intercept point in terms of the IP3 and
gain of the individual stages. Consider two or more nonlinear stages in cascade as
shown in Fig. 12 [10]. If the input-output characteristics of each stages are expressed,

respectively, as
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Y, (t) = ap X(1) + a2X2 (t) + 053X3 (t) 1)

Y, (t) = By, (t) + B,y (1) + Bay: (b) ©)

the input third intercept point can be derived as

2 2 2
1 1 ! oy fi +

~y

~ +
2 2 2 2 ©)
Aps  Apsi Apsz  Apss

where A3, and A , represent the input 1P3 of the first and second stages and so on.
Interestingly, proper choice of the values and signs of the terms can yield an
arbitrarily high IP3. In practice, however, since the base band signal is produced in
the transmitter and hence is sufficiently-strong, the noise of the mixer is not so
critical here as in receivers, other considerations such as noise, gain, and active
device characteristics may not permit this-choice. Besides, if each stage in a cascade
architecture has its gain greater than unity, the nonlinearity of the latter stages
becomes increasingly critical because the IP3 of each stage is effectively scaled
down by total gain preceding that stage. This formula is merely an approximation,
since each stage in a cascade has a narrow frequency band in RF systems. Thus, the
nonlinearity terms which fall out of the band are heavily attenuated, and then are
omitted. In practice, more precise calculations or simulations must be performed to

predict the overall I1P3.
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Fig. 12 Cascaded Nonlinearity Stages

4.2 Mixer Design

The main function for up-conversion mixers is to translate the BB frequency
input signal into IF or RF band by multiplying LO frequency signal generated by
local oscillator in the time domain. Multiplication thus results in output signals at the
sum and difference frequencies of the input BB and LO signals. Theoretically, all
devices with nonlinear characteristics can be mixers. The higher order terms of the

characteristics offer the function of frequency translation.

4.2.1 Mixer Topology

Mixers can be mainly discriminated by passive mixers and active mixers by
their gain performance. Active mixer generally provides some gain but passive not.
Further, for passive mixers, the widely used topology is passive switching mixer as
shown in Fig. 13. This mixer has the benefits of high linearity, no DC power
consumption and easier implementation, but at the cost of higher requirement of LO
power which is hard to reach for local oscillator. Besides, isolation is always a

weakness to passive mixer, resulting in LO leakage problem described in chapter 2.
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Fig. 13 Passive Mixer

For active mixers, two of the widely used topologies are single-balanced mixer and

double-balanced mixer which are depicted in Fig. 14. Unlike passive mixers, these

topologies would provide kind of gain and good isolation from LO to BB, although

they would perform worse linearity;and power consumption. And most distinctness

between single-balanced and double-balanced mixer is that the single-balanced

mixer has still LO-RF feedthrough ‘problem. This problem is more critical for

direct-conversion architecture since the feedthrough term is located on desired RF

band and would infringe the LO rejection constraint in both 802.11a/b specifications.

Moreover, the double balance mixer has double conversion gain compared with the

single balance mixer. So the double balance topology is chosen in our design. Detail

analysis will be described in latter section.
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Fig. 14 (a) Single Balanced Mixer (b) Double Balanced Mixer

4.2.2 General Considerations

As shown in Fig. 15 is conventional double balance mixer which is also called
“Gilbert cell” mixer. The operation canbe divided into three stages: input gm-stage,
switching-stage, and loading-stage. T.he.gm-stage provides the transconductance that
converts the input voltage into current domain. This stage also contributes most gain
of an active mixer. Then, by switching the current signal in the switching-stage,
nonlinearity effect will result in frequency translation. After the translation, current
signals are again transformed to voltage domain by the loading-stage, and

differentially output.
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Fig. 15 Gilbert Cell Mixer

4.2.3 Conversion Gain

Since the switching level of the switching-stage in the mixer will enormously
affect gain performance, here the analysis‘of conversion gain will be sorted by large

and small LO amplitude [19].

a. For Large LO Amplitude

The operation of the switching-stage is a nonlinear function of V| o expressed
by f(V, o). If we assume BB and LO signal are both sinusoid waveform which are
expressed as V ,(t)=ACcosmt and Vg (t) = Agz COS@gst . For assuming LO
amplitude is large, f(\VL o) can be modeled by using the sgn function with a periodic
function oscillating at @,, and which can be further expanded in a fourier series

with fundamental frequency o, :
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cosne,,t (4)

as shown in Fig. 16. Therefore, we can derive the RF output signal is
Vee (1) =Ve (1) =Vee (1), and in which V- (t) and V.. (t) are the positive and
negative port of the differential output. Furthermore,

Agz COSgp -0, .E—%coswmt+%cos3a}mt—..}
Ve (1) = ‘R

+(-1)- Agg COSgz - 0, E + %cos oot —%cos 3w ot +.. }

. nz
L, sin——
=(-1)- Ay COSg -9, 2| n;zz cosnaot |-R, (5)

L
2

, and similarly,

- N7
w SIN——

Ve (£) = Agg COSge 70520 n7r2 cosna.t |-R, .
n=l "

2

So

. Nrx
w SIN—

Vie (1) = Vie (1) —Vie (1)=(-1) - Az COSg5 t- g, - 4 Z

n=1

cosnao ot |-R, (6)

, and then with trigonometric expansion, this term further becomes

1
Ve (1) = (1) Az 9,, 4R, ;[COS(COBB + @, o)+ COS(@gg — a’Lo)] (7)
of the fundamental term. For the upper side band mixing, after dividing by Vg (t),

we get the conversion gain of
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4
G, =—0g,R )
T

From (8) that in order to achieve high conversion gain, the only way is to increase
the transconductance of the gm-stage and loading R.. Furthermore, one thing

important appears that G, is independent of A o.

f(Vio)

Ic:o11 JI'01
i
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VLO-C
Ves
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(@) (b)
Fig. 16 (a) Single Balance Mixer (b) Function of Switching Pair for Large LO

Besides, from (6), we can sée that'VVre(t) does not include any term from BB or
LO. Ideally, the LO-to-BB and LO-to-RF isolation is infinite for double balance
mixer. But process variation will induce gain and phase mismatch around switch
stage. Therefore, carefully layout and symmetry board design still dominate

isolation performance.

b. For Small LO Amplitude

Now, let us assume LO amplitude is small which is between V+ and V- and

_ VLO -V

f (Vo)) VRRVER

To simplify our discussion, let us for the present case set V'=1 and V'=0 as shown in
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Fig. 17, and then f(V ,(t))=V o(t)=A,c0swt. The derive of V. (t)is now

easier which becomes

[ABB COSgg t- g, - (-1)- A, COS a)LOt] .
+[(-1) - Agg COSg5 t- 0, - Ao COS ot | '

Vee (1) ={
=(-1)- Agg COSgzt-Q,, - 2- A, COSm t-R, ,
and similarly,
Ve (t) = Agg COSge t- g, -2- A COSm ot - R,
Ve () =Vie (1) —Viae (1) = (1) Agg cOSgp t- g, - 4- A COSm ot - R, .
Now the equation can be expanded again into
Vie (1) = (1) A A 0 95 2R [€0S(@gg + 6) + COS(wg — @) ] 9)
And the conversion gain is

G, =2AgnR: (10)

f(ViLo)

L,
T

(@) (b)
Fig. 17 (a) Single Balance Mixer (b) Function of Switching Pair for Small LO

Referring to (10), however, that G.is proportional to Ao, which is not acceptable

for our design. SinceV , (t) is usually generated from some frequency synthesizer,

31



and its exact amplitude is hard to control, leading to a G, that is hard to control. As a
result, the switching-stage has been designed to operate at border between large and
small LO amplitude. Operating at this border will gain a G, independent of A_c with
requiring less LO amplitude. As we know that, for a differential pair, the completely
switching voltage is

Vo= |2y (11)

sw W
C _
e}

To decrease the requirement of LO amplitude of switching-stage, we must have
over-drive voltage of switching-stage as small as possible [17]. And from (11),
device ratio must be as large as*possible leaving the trade-off between conversion

gain and LO amplitude requirement by modulating Isvalue.

4.2.4 Linearity

This section focuses on another important performance for transmitter, which is
linearity. First, we assume the switching-stage operates at large enough LO
amplitude and consequently do not contribute distortion. Therefore, distortion comes
primarily from the input V-1 conversion: gm-stage, and also assume that this
distortion is dominated by nonlinear square law |-V characteristics of the MOS
transistors biased in saturation.

Referring to the source-couple pair (SCP) My, in Fig. 15, from the square law
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[18], we know that

.k W
Ibb :E(\/gs1 _Vt)z’ K =/UOCOXT' (12)
Since the source of the SCP is common node that
Vler) _Vgs1 :Vb;) _Vgsz => Vgs1 :Vb-lg _Vb_b +Vgsz :Vbb +Vgsz . (13)
Substituting (13) into (12), we obtain
+ k 2
Ibb = E(Vbb —i_Vgs2 _Vt) (14)
Similarly,
_k 21
l, =§(\/QSZ —V)? =V, -V, = Tbb (15)

Again substituting (15) into (14), we get
(16)

After normalizing by |ng :% and lss: =&kss, (16) is changed to

\/It;rbn :(Vbb + Issn - Ib+bn ) 17)

That is

+ + ISS sy ISS sy
Vio :\/|be _\/Issn N Ibbn :\/Tn+lbbn _\/Tn_lbbn , (18)

where iy, is the small signal part of I, . And then factoring out the I , we get

V. = Issn n 2it;rbn _ h- Zi;bn (19)
bb = )
2 Issn Issn

which (19) givesV,, intermsof i . The square root terms in (19) can be expanded
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i+
b,

around and we have

2 s s+ 2 s
_(1_1 2y, +1 2y, +i 2y,
2\ lgs. 8| lss, 16{ I

Since V,, is input and i, is output, each ij term can also be

Taylor series in power of V,, . Thatis
iy = Vet a Vi Fay + ...

Substituting each iy, term in (21)using (22); we-have

2
——(aVygt AV, + AN F .. )+
I s,
Vi = — 2
2 11 2 ) .
sl (aVip + 8V + Vi + ..
ss,

He it 2 it 3
(1+l 2l —1 2l +i 2y, +...)
s 2( 1 ) 8lls | 16| Ig
3
J +...)

Yoo

(20)

(21)

expanded as a

(22)

(23)

Finally, we can solve for the coefficients a ,a,,a,,... by equating the coefficients

of V,,,V.,... on both sides of (23).

For the V,, term,

Forthe V.2 term,

(24)

(25)



Forthe V.. term,

3 2
ls | 2 1| 2 3 1l 2
0: a3+— al :>a3:__
2 | I, 8l Iss, 8| Iss,

And as we know that, IM, = %% 2 [10], then substituting by (24) and (26), we

3. (26)

3 1 3 k 3 k
et IM,=——A2 == 2 _ 9 KR a2 97
g ’ 16 ISSn AJb 16 2'55 Ai)b 32 ISS b ( )
, for which k = IUOCOXWT and (27) can be wrote as
3 ﬂCOXV&
M =—> o 28
U320 g Ay (28)
And then
a2, L, (29)
3 3 W]_
:uOCoxi
L,

In order to mitigate the nonlinearity effect due to interferences, that is low IM, and
high A, are desired. Referring to*(28)-.and (29), we observe that high Is is
: : W, : .
unavoidable and Ip; as well, while the — ratio must be kept low. But high Iss will
: W, . :
burn more power consumption, and low — will decrease the main source of
conversion gain, leaving a trade-off between power consumption, linearity, and
conversion gain to design a mixer.
If V,, is small, then the current flowing through M1 can be assumed to be

equal to that through M2, or half of I . Then (29) can be rewrote as
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1o W

2= u,C ~V)?
, 32 2|D1 32 2#0 ox I—1 (VGSl t) 32 ,

AiPs = ? W = ? W = ? Ves: V1) (30)

:uOCox — ﬂoCox —

L L

, and
2

Ar, =45 (Ves, ~V1)- (31)

From (31), we also see that, a high over-drive voltage (V,,) of the input

gm-stage is desired to achieve higher linearity.

4.3 Pre-amplifier design

In the transmitter design, a power amplifier (PA) is followed by the
up-conversion mixer to provide the required output power to a 50- Q antenna. For
most of Wireless LAN applications, a'PA-circuit must be able to achieve 25-30dBm
output power. In order to deliver required-output power to a 50- Q antenna at lower
supply voltages, a matching network can be interposed between the PA and the load.
The matching network transforms R, to a smaller value such that the limited voltage
swing provided by the PA can still deliver the required output power. The enormous
currents in the output device and the matching network are one of the difficulties in
the design of power amplifiers and especially the package. Besides, a series
resistance of a few tens of milliohms in the transistor, and the “radio-frequency
choke” (RFC), or the matching network may result in a considerable loss, therefore,

a precise modeling of transistors or even package is indispensable for PA designer.
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In practice, PA design has involved a substantial amount of trial and error, and an
additional power supply voltage will be required to obtain the high power gain.

Due to these reasons, a discrete and off-chip implementation of PA is chosen in
our transmitter design. Instead, following the up-conversion mixer is a power
amplifier driver (Pre-amplifier). This preamplifier stage will be design as the same
way of designing a power amplifier, but the power gain constraint is released here.
As described in chapter 3, an off-chip PA with power gain of 20~28dB is required
for system specification, and the total gain of mixer with adding preamplifier stage

Is set to be 7~15dB [10].

4.3.1 General Considerations

Generally, in the field of communication, we can distinguish signals into two
parts: amplitude and phase. As a result, power amplifier can also be divided into two
categories: one is linear operation and another is constant-envelope operation [21].
The transistor in linear operation acts as a current source and the RF output power is
proportional to the RF input power. The transistor “on” voltage does not saturate.
Otherwise, the transistor in constant-envelope operation operates as a switch. The
linear operation includes class-A,B,C,AB type power amplifier, and which is
suitable for linear amplitude modulation, while the constant-envelope operation

includes class-D,E,F type power amplifier, and which is suitable for phase
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modulation. Roughly speaking, the linear operation has high linearity but poor
efficiency. However, the constant-envelope operation has excellent efficiency.

The need for linear power amplifiers arises in many RF applications, especially,
for multi-carrier systems, for example, in this thesis, OFDM application in 802.11a/g
standard. Since amplifiers simultaneously process many channels, it needs to be
linear enough to avoid cross modulation. The nonlinearity of PAs is usually
characterized by a two-tone test. For adjacent channel interference, the third-order
IM components are important.

At present, most linear PAs designed for portable devices employ a class A

output stage and exhibit efficiencies-around 30% to 40%.

4.3.2 Loading Line Theorem

As we know that, a small signal amplifier adopts conjugate matching to obtain
maximum output power as shown in Fig. 18, where R =R,. However, as signal
power increases, the output power will be less than expected due to the limit of

current or voltage driving capability.

o—
+

Ro R_

L

Fig. 18 Output Impedance with Linear Resistance Model

Therefore, different from the design of small signal amplifier, a power
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amplifier is biased at the middle of maximum output swing of current and voltage as
shown in Fig. 19. Besides, by properly choosing Rieqd, the signal will have
maximum swing under the limit of current and voltage. And the maximum output

power is larger than that by conjugate matching.

Ip 4

I max

I D,bias]

Fig. 19 PABias Condition and Loading Line

We will introduce two extreme kinds of power amplifiers: class A and class B
[20]. Class A has excellent linearity but poor efficiency, while class B has better

efficiency but worse linearity.

a. Class A PA

The bias point for class A PA is depicted in Fig. 19. At first, the optimum Ryeaq

is decided by

R = Vmax _anee (32)

opt
P Imax
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We have

Voo ~Viin) (S
VrmS — max min , IrmS — max min 33
242 242 (33)
and
(Vmax +Vmin) (Imax + Imin)
VDC = 2 ) IDC :T- (34)
The output power can be expressed as:
Pout :Vrmslrms — (Vmax _Vmin) (Imax B Imin) — (Vmax _Vmin)(lmax B Imin) (35)
22 242 8

The dc power consumption is also shown as:

_ (Vmax +Vmin) (Imax + Imin) _ (vmax +Vmin)(|max + Imin)

PDC =VDCIDC = 2 2 4 (36)
From (35) and (36), and by definition that the drain efficiency of a class A PAis:
(Vmax _Vmin)(lmax i~ Imin)
= o _ - £ 50% 37
7 PDC (Vmax +Vmin)(|max & Imin) ’ ( )

4

Ideally, for Vmin=Inin=0, the efficiency of a class A PA is 50%. In fact, since the
device’s characteristic such as breakdown voltage and knee voltage are not equal to

0, the efficiency is always less than 50%.

b. Class B PA

As for class B PA, it conducts half a cycle, and the drain current is severely
clipped which would induce serious nonlinearity and result in worse linearity than

class A PA. The only difference from class A PA is dc current as:
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L= L ingldo = tme 38
DC_EO max|S|n | _7' ( )

And the dc power consumption is expressed as:

(Vmax +Vmin) Ima>< Ima>< (Vmax +Vmin)
Poc =Vocloe = 2 u = o ' (39)

The drain efficiency of a class B PA is

_ Pout _7 (Vmax _Vmi”) < 7 ~0.785. (40)

PDC 4 (Vmax +Vmin)

It can be seen from (40) that class B PA has a maximum efficiency of around 78

percent which is superior to class A PA.

4.3.3 Two-Stage Configuration

Most power amplifiers emplay @& - two-stage:. configuration, with matching
networks placed at the input, between'the‘two stages; and at the output as shown in
Fig. 20. Since the output stage typically-exhihits a power gain of less than 10 dB, a
high-gain driver is added so as to lower the minimum required input level. The input
and output matching networks in Fig. 20 serve different purposes: N; provides a
50-Q input impedance, while N3 amplifies the voltage swings produced by the
output stage so as to deliver the required power to R.. In our transmitter system,
since the up-conversion mixer and preamplifier are implemented on a single chip,
the first matching network for 50-Q input matching can be removed. As for N2, it
provides desired load and source impedance simultaneously for driver stage and

output stage and hence simplifies the design procedure.
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Output

N, Sl N, Stage N3
IN Matching Matching Matching
Network Network Network

Fig. 20 Two Stage Configuration
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Chapter 5

Circuit Implementation

According to the specification expressed in TABLE 5, a mixer must perform
high 1dB compression point. As we know that 1/V transfer characteristic of the
gm-stage dominates the linearity of a mixer. There are several circuit techniques for
improving the linearity of MOS transconductance elements. In this chapter, two
5GHz transmitter front-end utihzing two- of the techniques will be introduced and
implemented. One is to degenerate the source-coupled pair by a MOS transistor
operating in the triode region [22] which"is designed for higher linearity, whereas
another is to simply add two auxiliary cross-coupled differential pairs to the
source-coupled pair [23], [24], meanwhile, with the on-chip differential-to-single
circuit, this transmitter front-end has better power consumption and is designed for
low power application. And finally, a novel structure of mixer-reuse dual-band
transmitter front-end will be proposed. Simulation results also have been listed after

each circuit.
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5.1 5GHz TX-FE for High Linearity Design

The differential topology is employed throughout this transmitter front-end
circuit to minimize the undesired coupling, especially the local oscillator leakage
though the mixers to the antenna as it causes the dc offset to corrupt the desired
low-frequency signals at receiver.

The circuit block is depicted in Fig. 21. The direct-conversion architecture was
adopted. Two mixers were employed to up-converse the base band 1/Q signals
respectively with quadrature local oscillator signals. The RF quadrature signals are

then summed up and output to the differential preamplifier.

Quadrature
Upconversion
Mixers
Differential
Preamp
e
- / 7
< ( Quadrature LO
Q

Fig. 21 5GHz TXFE for High Linearity Circuit Block

5.1.1 Mixer Design

Fig. 22 is the illustration of the first linearization technique. Transistors M1 and
M1’ form the input differential pair while M3 and M3’ provide the bias current, and

the transfer characteristic of which is linearized by the voltage-controlled
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degeneration “resistors” M2 and M2’.

dlos’ b
II: M2 I Wi

vbb o,

M1 | [ EF

o Tl S

Fig. 22 Gm-stage using Triode-Region MOS Degeneration

In order to get a qualitative understanding of the behavior of this new input
stage, the circuit is first analyzed using the simple square-law MOSFET. For

convenience, the following parameters are introduced [25]:

e
a*l+4 (42)

2

and

al ~out Iblas (42)

e o, TR Ve

where ﬂ:/uocoxWT' For low values of the input voltage Vi,, transistors M2 and

M2’ are operated in triode region and we can get another normalized transfer

. / v?
i=v 1—7 (43)

V, o : . : -
, Wwhere v=g,,—" and i=-2L. An interesting conclusion comes out that within

bias bias

characteristic as followed:

a limited input voltage range the transfer characteristic of the input gm-stage is

similar to that of a conventional source-coupled pair which is biased at an overdrive

voltage of a(Vg —V;)w: . However, when the swing of input signal voltage
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increases, M2’ would eventually enter the saturation region, whereas M2 stays in the

triode region because Vgsm2 IS increasing but Ves m2: is decreasing. In this way, the

equivalent degeneration resistance may not have distinct change, and the gm

characteristic would maintain constant for wider input range. The simulation result

of gm transfer characteristic is shown in Fig. 23 and the ripple in the gm curve can

be reduced by lowering the quiescent gate overdrive voltage Vgs-Vr of the

transistors.

0.011

0.010
0.009- m9
0.008 /X/—L/\
0.007
= 0.006
(¢ 0.005
0.004—
0.003—
0.002-] m9
0.0011 indep(m9)=0.114
0.000 ‘ i ‘ #Gm“] :q 00& ; ‘ I
0.6 0.4 0.2 0.0 0.2 0.4 0.6
indep(Gm1)

Fig. 23 Gm-stage Transfer Characteristic

If the input common-mode voltage is not constant with respect to the bulk

potential, even-order terms will appear in the v/i transfer characteristic. These

distortions may be minimized by increasing the bulk reverse voltage to reduce the

body effect. Furthermore, for a purely differential mode input signal, the remaining

even-order distortions would result from device mismatch, which has to be

minimized by appropriate layout disposition. Besides, for transistors operating more
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deeply in strong inversion, the optimum ratio /5, / 3, is slightly larger than 6. On the
contrary, that “hump” tends to disappear at lower current densities where the
optimum g,/ g, issmaller than 6.

When the ratio g,/ #, has been decided, referring to (29), in order to achieve
high IP3, the bias current Ip must be large and input dimension ratio must be small.
But high gain requires high transconductance indicating high Ip and W/L is desired
which leaves a compromise between transconductance and linearity.

The 1/Q quadrature Gilbert-type mixer is depicted in Fig. 24. The loading
resistors have been replaced by inductors due to the finite voltage headroom issue.
The inductors were designed to-resonate the-Capacitance seen from output nodes of

the mixer at frequency of 5.25GHz by

1

27JLC

A conjugate matching at the output loading will transfer the maximum output power

(44)

to the next stage. No doubt that parasitic capacitance of the input of next stage will

be taken into consideration in the simulation.

Referring to the discussion in section 4.2.3, in order to perform more ideal

switch feature, and achieve higher linearity and high conversion gain and also

mitigate the requirement of LO amplitude, the switching-stage is designed to have as

less as possible Vq,. From (11), the W/L of the switching-stage is required to be
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large, and I is to be small. But large size of the transistor will induce considerable
parasitic capacitance at the common drain of the switching-stage, which are either
output nodes of mixer. The large capacitive characteristic would force to lower the
loading inductance for output resonance. The loading impedance Z,,, = QL thus
drops and then the gain of mixer drops in the same manner. Hence, leaving an

optimum size of switching-stage for specified LO amplitude and bias current.

e e < o

IE M3 |— M13

BBI* M1 M2 BBI BeQ" IM11 M1zdIBBQ
- | I—o

M15 M13 I‘vﬁ(lj

]

L il

Fig. 24 Quadrature Gilbert-Type Mixer
5.1.2 Preamplifier Design

The differential outputs RF+ and RF- of the mixer then couple to the
preamplifier with two series ac couple capacitors. In this way, the DC offset issue
comes from self-mixing of mixer can be eliminated. The preamplifier employs
two-stage configuration we described before, and of course, adopts fully-differential

topology. The circuit is depicted in Fig. 25. The first stage is a common-source
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amplifier which provides adequate power gain to RF signal for driving an off-chip
PA while the last stage is a source-follow amplifier which plays a role of an output
buffer to increase isolation and also provides 50Q output matching.

5002 L1
I c3 c4 I
I I -
M2 I 1 | M2

L2
owtor{tme |- reodp{fin  wr]Hpore T 1-{mm ]qoou
5002

5002

L3 L4 50Q

Fig. 25 Differential Preamplifier

The first stage of a balance source-couple pair adopts grounded-source to have

better IM3 performance [26]. And the common-source amplifiers have been biased

at class AB topology for the compromise between linearity and power efficiency. In

order to achieve output power of more than 2dBm demanded in the specification and

we also preserve 5dB for design margin:-For VDD=1.8 and Vine.=0.7=Vmin, we

have Vmax=2VDD=3.6V, and from (35)

P.=7.60Bm=58mW =V _ I = (Vs =Virin s = i) (45)

rms ° rms
8

, we get Imax is equal to around 16mA. Furthermore, from (32)

R :Vmax _anee ( 46 )

t
* Imax
Ropt has been set to be 180€2. The I-V curve simulation result is shown in Fig. 26.
We choose inductors as loading to resonate the capacitance at drain of

common-source amplifier resulting in real part impedance of about 180Q. The

source degeneration of source-follow amplifier also uses inductors to save some
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voltage headroom. One must be concerned is that the bias current of the

source-follow amplifier has to be large enough to make the loss of this output buffer

as less as possible.

Device IV Curves, Load Lines,
and Maximum DC Dissipation Curve
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Qe O‘UJ VGp=750.m
£0 02 VGH=700.m
QG 0.010 =790 Rload
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VGS=1.000000 VGS=0.700000 31.82

Fig. 26 [-V.Curve Simulation of Class A PA

5.1.3 Simulation Results

In order to double-check this design, this circuit has been implemented for
on-wafer testing and package testing, respectively. Besides, for convenient
measurement, we both only observe the single output of the preamplifier with

another port termination to 50 Q during simulation and measurement.

a. On-Wafer Testing

At first, we must make sure RF output and LO matching which are depicted in

Fig. 27. The return loss for RF output and LO are both more than 20dB.
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Fig. 27 (a) Output Return Loss (b) LO Return Loss

Then, as the discussion in 4.2.3, we have to find the adequate LO amplitude

applying to switching-stage which is best located on the boundary of “linear” and

“saturate” output power. The relation between LO power and output power has been

illustrated in Fig. 28 with fixingzinput-power of -7dBm. When LO power is small,

output power is proportional to £LO power; then-output power maintains constant and

is independent of LO power until LO power reaches -5dBm. Therefore, LO power

has been set to be -5dBm for each simulation below.

m59
LO_pwr=4.837
[dBm(out1[8])=4.314

dBm(out1[8])

Fig. 28 LO Power vs. Output Power

Furthermore, we can see the frequency response of output power as LO

frequency sweep from 3GHz to 7GHz with inputting a base band signal of -7dBm in
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Fig. 29. This transmitter front-end (TXFE) obtains over 7dB power gain from
4.75GHz-5.65GHz of 900MHz bandwidth and has maximum output power at LO
frequency of around 5.2GHz which also indicates that every resonator in mixer and

preamplifier achieves conjugate matching at desired frequency of 5.2GHz.

m59
LO_freq=5.204
[dBm(out1[8])=4.464

m59

dBm(out1[8])

LO_freq

Fig. 29 LO Frequencysvs. Output Power

When inputing a base band signal-of 1MHz.and -7dBm and LO signal of
5.25GHz and -5dBm, this TXFE has,11.6dB conversion gain and -5dBm input P1dB
as shown in Fig. 30(a) while obtainsthe maximum output power of 5.7dBm for 1dB

compression point as shown in Fig. 30(b).

B TX_Gain=(dBm(out1[8])-IF_P)
m57 m58 m59
IF_P=36.000 IF_P=5.000 IFP=-5.000
» m'57 mag(TX_Gain)=11.60¢ |/mag(TX_Gain)=10.71 © dBm(out1[8])=5.710 m50.

] 58

mag(TX_Gain)
dBm(out1[8])

(@) (b)

Fig. 30 (a) Input Power vs. Conversion Gain (b) Input Power vs. Output Power

Moreover, the spectrum depicted in Fig. 31 and Fig. 32 displays the harmonic
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term of 5GHz signal and the adjacent band power, respectively. We have more than
37dB harmonic rejection and even non-existence of DC-offset and also 95dB LO

suppression and 110dB side-band rejection.

m47 m48 m60 m61
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Fig. 31 Harmonic Term of 5GHz Output Signal
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Fig. 32 LO Rejection and Side-Band Rejection

Finally, the IP3 is tested by inputting 6MHz and 7MHz base band signals
simultaneously. The simulation is depicted in Fig. 33. The intersection point of the

two extending straight lines indicates that this TXFE has input-IP3 of 7.8dBm and
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output-1P3 of 16.3dBm.

m10 11
IF_P=-13.793 |IF_P=-13.793
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-13.793 7.768 2.446 16.348 6.569

Fig. 33,+1IP3 and OIP3

This on-wafer transmitter front-end consumes 40mA for 1.8V power supply.

b. Package Testing

As for the package version, the simulation results is shown in Fig. 34~ Fig. 40.
The output and LO matching still have more than 20dB return loss. The LO power
has been set to be -5dBm in every simulation for the same reason. The frequency
response of output power indicates that this TXFE achieves more than 7dB gain
from 4.7GHz~5.85GHz of 1150MHz bandwidth and has maximum output power at
LO frequency of around 5.2GHz. For the same input signals, the TXFE for package
version has better conversion gain of 13.88dB and the same input 1dB compression

point of -5dBm and also achieve better maximum output power of 7.85dBm for 1dB
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compression. However, due to the unbalance of package model around GND, VDD,
and output nodes. This package version has worse harmonic rejection of 20dB and
DC-offset suppression of 19dB and also worse LO suppression of 40dB and
side-band rejection of 55dB than on-wafer version. Finally, for the two-tone test,
with the same input signals, this TXFE has input-IP3 of 7dBm and output-1P3 of
17.3dBm which is close to the simulation of on-wafer version. This TXFE for

package version consumes also 40mA for 1.8V power supply.
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Fig. 34 (a) Output Return Loss (b) LO Return Loss
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The simulation results will be listed in detail in section 5.3. Each performance
in the on-wafer version and package version could meet the specification described
in TABLE 5. The only shortage of this TXFE is that, due to the differential topology

from mixer to preamplifier, an additional differential-to-single circuit must be
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required off-chip, and the current dissipation is double for twice of signal paths.
These two drawbacks will disobey the objective of SOC. Therefore, the second
edition 5GHz circuit has been implemented as followed.
5.2 5GHz TX-FE for Low Power Design

In order to improve current dissipation and chip area, and also achieve the
objective of “SOC”. We have implemented another transmitter front-end with an
on-chip differential-to-single (D/S) circuit [7]. Moreover, we adopted another
structure of gm-stage in mixer circuit. The circuit block is illustrated in Fig. 41. The
D/S circuit converts differential outputs of ‘mixer into single-ended. Thus, only
single-end preamplifier is required resulting-in current dissipation and area saving.

The off-chip power amplifier is to be used for saving the overall system power.

Quadrature
Upconversion
Mixers

Single-ended
Preamp

Quadrature LO

Differential To Single
converer

Fig. 41 5GHz TXFE for Low Power Circuit Block

5.2.1 Mixer Design

Due to the requirement of P1dB in the specification, a mixer must has a

large-signal swing capability at their inputs, and which is gm-stage. Another
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proposed mixer adopted different conventional structure of gm-stage as shown in

Fig. 42. In this circuit the gm stage is the cross-coupled quad cell formed by two

unsymmetrical differential pairs (M2, M2’ and M3, M3’) and a conventional,

symmetrical differential pair (M1, M1’) [27]. After the input differential signals

transferring from voltage to current domain, the currents are added together at drain

of each half differential pair.

Switching Stage.

+ »
$|sum lsum l

*N =P =P *N *
o BT Ly Ly
|_|M3 |_‘M2 M1 mi—{l M2l M3‘|—||

Fig. 42 Gm—stage using Multi-Gm Current Addition Technique

The aim is to make this transfer function as linear as possible, which is

equivalent to make gm(vin) as flat as possible, and also make the linear input range

large enough. At first, by choosing the N factor of W/L ratio of two unsymmetrical

differential pairs, the center of the linear transconductance can be offset from origin

to obtain desired linear input range. It is important to note that Vst 1S @ function of

N [28]. Therefore, the distance from the center of the linear range to the point of

origin, vin=0, is approximately equal to
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Vo =2 60+ D) 1) -1 (47)
n

which causes the linear range is now limited by:

—[0.28(1—')% +V ]SV, < [0.28(4?')% V] (48)

As mentioned above, when these two cells are added together, the nonlinear
range of one cell destroys the linear range of the other cell. This arrangement results
in the problem that the region near the origin has very bad linearity since it contains
only the nonlinear ranges of both cells. Besides, the larger N will causes the worse
linear region near the origin. Thus, an additional symmetrical differential pair has
been designed to compensate the nonlinearity around the origin. The height and
width of this non-offset gm can-be controlled by the widths of M1 and M1’ and the
DC bias current, which are the P and K factors-respectively. Each of the three
differential pairs behaves as reasonably linear transconductance. The overall

transconductance is the sum of the individual transconductances, and can be made

roughly constant over a large range. The simulation result is depicted in Fig. 43.
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Fig. 43 Gm-stage Transfer Characteristic
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One should notice that the parameter N is independent of the parameters K, and P.
this is a significant advantage of the proposed circuit topology since it simplifies the
linearization of the transconductance. However, the circuit is much more sensitive to
the transistor mismatch. It should be pointed out that large N requires smaller
process tolerances, which are difficult to control. Larger process tolerances results in
worse linearity; thus, there exists a tradeoff between the input range and linearity.
Besides, the larger lpiss, the wider of the gm characteristic.

The circuit of mixer using multi-gm current addition technique is shown in Fig.
44. We adopted the same switching-stage /and load inductors as previous
implementation. In order to makera comparison of this structure of gm-stage with

previous one, the total bias current is also setto be the same.

;-_,S
=
T
Z
H—o{ |
i

vy i Ly
| -

M1 Mi—l M2

@ L. @ I *K V) L

Fig. 44 Gilbert-Type Mixer with Multi-Gm Cell

I O Vi
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5.2.2 Differential-to-Single Circuit Design

The differential-to-single (D/S) converter consists of a common source
amplifier M1 which is biased by M2 as depicted in Fig. 45. The gate of the
common-source amplifier senses the positive node of the differential signal in the
voltage domain and combines with the negative node in the current domain at the
drain. Therefore, if the common-source amplifier was designed to have unit gain, the
differential outputs of mixer can be subtracted from each other at the drain resulting
in double odd-order terms of the outputs while canceling out the ever-order terms.
Since the parasitic capacitance at the gate and.drain are different, a capacitor was
added in parallel at the drain tocompensate the mismatch. The voltage gain of the
differential-to-single stage is simulated as-shown in Fig. 46. The 6dB voltage gain
indicates the D/S stage has desired unity gain performance. The D/S converter
shares the load inductors of the previous up-conversion mixers at gate and drain
respectively, and consequently, saving area and power consumption, however, at the

cost of worsening P1dB performance.
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Fig. 46 \oltage Gain of Differential-to-Single Circuit

5.2.3 Preamplifier Design

Following by the D/S stage, the signal then couples to a single-ended
preamplifier with a series capacitor C1. The preamplifier design also adopted
two-stage configuration. The circuit is depicted in Fig. 47. The first stage is still a
common-source amplifier which is operated at Class AB topology to obtain
adequate linearity and power efficiency simultaneously. However, the second stage
is replaced with the same common-source amplifier for saving more current
dissipated than the previous source-follow amplifier. The second stage amplifier is
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operated at Class AB topology as well to further improve the power efficiency. Two
stages are connected by a series ac couple capacitor C2. Two of the common-source
amplifiers employ inductors L1 and L2 as load at drain for the reason of saving
voltage headroom and resonating the parasitic capacitance at desired frequency to

obtain the optimum Rj,,4. The output impedance also has been transferred into 50 Q2

L2 é Jso Q
L1 ;
Matching ouT

Network

|—| M2

DIS,u C1 c2 500
o—||—| M1 —

matching.

Fig. 47 Preamplifier

5.2.4 Simulation Results

This TXFE has been designed for package version only. The package model is
provided by SPIL and has been added in simulation. The simulation results are
shown as Fig. 48~Fig. 54, which in sequence are return loss, LO power relation, LO
frequency response, conversion gain and maximum output power, output spectrum,
and two-tone test. The output return loss is 30dB, while LO return loss is 16.5dB. In
Fig. 49, the LO power is also set to be the same as -5dBm to compare with first
implementation. In Fig. 50, when input a base band signal of -13dBm, the output has

maximum power around 5.2GHz, and achieve more than 7dB from
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4.57GHz~5.63GHz of 1060MHz bandwidth. The conversion gain has been designed
equally to first implementation of 13.46dB. However, this TXFE performs P1dB of
-10dBm and maximum output power of 2.3dBm, which is depicted in Fig. 51. The
output spectrum is shown as Fig. 52 and Fig. 53. This TXFE has excellent harmonic
rejection of 61dB and 172dB DC-offset suppression and 22dB LO suppression and
38dB side-band rejection. Moreover, it has input-1P3 of 2.8dBm and output-IP3 of

13.2dBm as shown in Fig. 54. This TXFE of package version consumes 25.3mA for

1.8V power supply.
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5.3 Comparisons

Based on the equivalent LO power and power conversion gain performance, the

simulation results of both transmitters front-end for package version are summarized
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TABLE 6. The transmitter front-end for high linearity design (TXFE-HL)

achieves better linearity performance but consume 68mW. Due to the use of

differential-to-single circuit, the transmitter front-end for low power design

(TXFE-LP) merely employed single-end preamplifier. Besides, the current hungry

source follow amplifier is replaced with common-source amplifier. Although,

current dissipation of the mixer in each TXFE has been designed equally, the

TXFE-LP has power consumption of 45mW which is lower than TXFE-HL. The

differential-to-single circuit also provides good harmonic rejection and good

DC-offset cancellation. However, taking the mismatch induced by process variation

into consideration, the second -TXFE performs worse linearity of Input-P1dB and

OIP3 and worse LO suppression-dueto the multi-gm gm-stage must require large

enough N to achieve desired input 1dB compression point, and large N will require

smaller process tolerances, which are difficult to control. Therefore, we prefer the

triode-MOS degeneration gm-stage in next mixer design, and also replace the

preamplifier with two-stage common-source amplifier to implement a dual-band

transmitter front-end.
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TABLE 6 Summary of the Simulation Results for TXFE-HL and TXFE-LP Implementations

Parameters

TXFE-HL

Package Simulation

TXFE-LP|

Package Simulation

802.114|

Specification

Frequency Range

RF=4.7~5.85GHz

RF=4.57~5.63GHz

RF=5.15- 5.35GHz

Power Consumption 38mA/68mW| 25.3mA/45mW| N/A
Conversion Gain| 13.88 dB| 13.46 dB| 7 dB
Input-P1dB| -5 dBm -10 dBm -5 dBm

Output P1dB 7.85 dBm 2.3 dBm 2 dBm

11P3 7.0 dBm 2.8 dBm N/A

OIP3 17.3 dBm 13.2 dBm 12.5 dBm

RF Return Loss -24 dB -30 dB <-15 dB

LO Return Losg -22 dB -16 dB <-15 dB|
Harmonic Rejection 20 dB 61 dB N/A
Carrier Suppression 40 dB 22 dB >15dBc¢
Side-Band Rejection 55.dB 38 dB N/A|

5.4 Dual band Transmitter Front-End Design

Before undertaking the design .of-dual-band transmitter frond-end, one thing

must be taken into account is the’power .consumption issue. Recently, many

literatures have described some kind of structures in order to decrease this issue.

Most are the folded-cascode structures for low power supply operation [29], and the

others are the current reuse techniques [30].

Besides, for a current commutating mixer, the input matching of the switching

stage is not very stringent as well as RF output matching, since the signal from the

local oscillator is used to turn on/off the MOSFET of the switching-stage, but does

not really import a signal. Therefore, a mixer reused structure with switched mode

dual-band LO matching has been proposed in this dual-band transmitter design,
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which has better power consumption performance. Moreover, without additional
MOSFET in the switching stage, the parasitic capacitance induced around the drain
will be mitigated. However, RF port output matching is critical for each band to
obtain maximum output power. Consequently, two pre-amplifier had been designed
for 5 GHz and 2.4 GHz band respectively. And an additional band selection control
signal has been joined to control the LO matching and the nodes mixer output

simultaneously. The block diagram of this design is shown as Fig. 55.

Band
Select ]v 24 GHz
BB
5 GHz
Band r
Select
2.4/5GHz

Fig. 55. Dual-Band Block Diagram

5.4.1 Mixer Design

Referring to TABLE 6 and the discussion in section 5.3, we adopt the
triode-MOS degeneration gm-stage in this mixer design. This mixer has a
differential 1/Q quadrature input but a passive LC current combiner is used to
convert mixer differential output into a single-ended output. The band-select
mechanism is accomplished by LO matching network of switching-stage and

LC-tank of loading-stage as well which is illustrated in Fig. 56.
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Fig. 56. Dual-Band Mixer

The current combined circuit [31] shown in Fig. 56 consists of two inductors
and one capacitor. The purpose.of the-current-combiner is to combine the currents
such that they are in phase with one another.-In this way, the output will have a
larger AC output swing due to the“increased signal current. And the even-order
distortion will be rejected by each other. Fig. 57(a) shows the ideal AC equivalent
model. In the ideal case, it is assumed that all component Q’s are high enough to be
neglected and the output impedances of the current sources are also high enough to
be neglected. The additional parallel capacitor C, is the sum of all parasitic
capacitance at mixer output node (RF) including Cq, of switching-stage and input

capacitance of the preamplifier. At first, C, can be combined with L by
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—joL _
JoC, _ JoL

= ; =Z,
' 1 +jol 1-o°LC,
JaoC

C,lIL= (49)

p

as shown in Fig. 57(b).By source transformation, the parallel Z. and current source
can be converted to a voltage source and a series Z. The current combiner C.can be
split into two capacitors of 2C.as shown in Fig. 57(c). The series Z. and 2C can act
like a short at resonance as seen in Fig. 57(d). We can derive that

jool 1 1
Z,+2C, )= 0= w= | 50
(Ze+2C) =1 e, *jwec, 07 L(2c.+C,) (50

Further, the voltage source and series 2C; are converted back into a current source

and a parallel 2C. and by substituting (68), we obtain

). %
V 1-0’LC, @°2C, L .
=g =1 0 e =00, (51)
jo2C,

The ac current has been aligned in phase as Fig. 57(e). Once again, the parallel Z.
and 2C. can act like an open at resonance resulting in Fig. 57(f). Therefore, by
switching the current’s direction, the negative sign disappears and the current source
is aligned in the same direction as the other one. The current combiner doubles the

output current at the resonant frequency,

1
w, = m =5GHz. (52)
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Fig. 57 Equivalent Circuit of Current Combiner

i= 2i

A passive current combiner has a desired band pass response for up-conversion

mixer application. Moreover, for the dual-band operation of this mixer, two

additional capacitors have been paralleled around the loading inductors. And with

the control signal switching, the capacitance seen from mixer output node can be

increased, resulting in a smaller-resonantfrequency:.

o, = \/ L = 2.4GHz (53)
L,(2C, +C, +C,)

A conjugating matching would transfer the maximum output power of mixer to the
next stage, and each of the balanced output nodes would couple to 5GHz and
2.4GHz preamplifier, respectively. On the other side, the LO matching network
adopted switch-able parallel capacitor as depicted in Fig. 58. When Vg, is high, the

network obtains 2.4GHz matching, the other else.

73



Vsw

2
T

Cp
I
I

I_

L1 C1
——000—I
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5.4.2 Preamplifier Design

The circuits for 2.4GHz and 5GHz preamplifier are depicted in Fig. 59 and Fig.
60. Two common-source amplifiers have been used in two-stage configuration. They
are mostly alike with previous design. Excepting that for 5GHz preamplifier, an
additional degeneration inductorhas been used:at the first stage to achieve required

linearity.
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Fig. 59 2.4 GHz Preamplifier
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Fig. 60 5 GHz Preamplifier



5.4.3 Simulation Results

The simulation results for dual-band transmitter front-end are depicted in Fig.
61~Fig. 66. The output return loss is 23dB for 2.4GHz and roughly the same for
5.25GHz. The LO dual-band matching network obtains 10dB return loss for 2.4GHz
input and 17dB for 5.25GHz input. The power conversion gain has been designed to
7dB for both bands and either has nearly input P1dB of -5dBm and maximum output
power of 1dBm. The frequency responses illustrate that the dual-band matching
network and dual-band load of mixer well function at desired frequency. Finally, the
two tone test shows that the input-IP3 is about.5.8dBm and output-IP3 is about
10dBm for operation of both bands: The simulation results will be listed in detail in

the next section. This dual-band:transmitter front-end consumes 24.4mA for 1.8V

power supply.
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5.4.4 Simulation Summary

The simulation results for dual-band operation are summarized in TABLE 7

with specification of 802.11a/b/g. Since the preamplifier for 5GHz/ 2.4GHz are

separately designed, the output return loss is easily designed. This circuit achieves

required power conversion gain with bandwidth of 300MHz for 2.4GHz and

400MHz for 5.25GHz. The linearity performances of P1dB and OIP3 are also closed

to the specification.

TABLE 7 Dual-Band Simulation Summary

11P3 and OIP3 for (a) 2.4GHz (b) 5.2GHz

Parameters 2.4 GHz design " [5 GHz design 802.11a/b/g
Specification

Frequency Range |2.40-2.70GHz 5.15-5.55GHz 2.4-2.485GHz
5.15- 5.825GHz

Conversion Gain  [7.0 dB 7.1dB 7 dB

Input-P1dB -5 dBm -5.7 dBm -5 dBm

Output P1dB 1 dBm 0.4 dBm 2 dBm

OIP3 9.8 dBm 0.9 dBm 12.5 dBm

RF Return Loss -23 dB -22 dB <-15dB

LO Return Loss -10 dB -17 dB <-15dB
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Chapter 6

Experimental Results and Discussions

After each circuit has been designed and simulated, this chapter will start with
introducing some back-end considerations, including of layout technique, design of
printed circuit board (PCB), measurement setup...etc, since these back-end
considerations also dominant the performance of our design at radio frequency.
Layout skill always plays an important role:to implement a RF circuit, since signals
will suffer from coupling to each other atradio frequency and process variation will
be anther worry. The parasitic effects of package and bond wire will also interferer
our design. Besides, since a radio frequency signal has relative short wave length,
the microstrip line on PCB will be tough to design precisely, and either the
constraint of matching to 50Q . Then, we will introduce the electrostatic-discharging
(ESD) protection, and package model. Continuously, as for measurement, a low
frequency transformer and 5GHz quadrature phase shifter have been adopted. And
the measurement setup of one-tone test and two-tone test for the implementation of

5GHz transmitter front-end will be introduced. Finally, the measurement results of
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5GHz implementation (1) and (2) will be listed, respectively.

6.1 Layout Considerations

The common centroid layout skill was extensively used on MOS layout to
prevent the device from process variation, and then decreases the probability of
circuit mismatch. The layout of the wire between four quadrature phase signals
coming from local oscillator (LO) must keep symmetrical to decrease the phase
error to obtain a better DC offset cancellation and even-order harmonic rejection.
Meanwhile, the 1/Q branch of the mixer and the fully-differential RF path also need
to be maintained symmetry for the same;reason.

To avoid the unwanted RF noise’coupling from: substrate to desired signal, all
the RF signal path have metal lines shield-under them. The Metal 1 was chosen for
less parasitic capacitance due to the longer distance from the signal path while the
distance between signal path and grounded line on the same layer was kept as far as
possible for the same reason, since large parasitic capacitance will limit the range of
using inductors. To improve the isolation between different blocks, local substrate
contacts have been used to surround each device including MOS transistors,
capacitors, inductors and resistors. And grounded metal lines have been used again
which are placed between components and signal paths to provide additional

isolation and decrease the feedthrough from LO to BB and LO to RF, and also
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self-mixing phenomenon will be resolved. The layout of grounded metal lines is

illustrated in Fig. 67.

Moreover, any parasitic capacitance distributed around the RF path should be

avoided for more accurate and more expectable experimental result. So the RF

signal paths must keep as short as possible, especially the node of mixer 1/Q

summation and the drain of the first stage of pre-amplifier: common source

amplifier and the output matching network. Since too much parasitic capacitance

distributed over these nodes will limit the range of using inductor (ex: large

capacitor will force to use the small“inductor-and results in smaller series parasitic

resistor and either worse gain perfarmance).

Finally, the Separate ground.pads‘and VDD pads have been used for the mixer,

pre-amplifier, and ESD protection. The base band signal, LO signal source and RF

output are place perpendicularly to mitigate coupling effect, meanwhile, ground

pads and DC pads are placed between each RF pads for the shielding of coupling.

And unwanted coupling between the inductors is maintained below a few percent by

proper spacing.
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Fig. 67 Layout of Grounded Metal Line

6.2 ESD Protection

For thin oxide process, ESD protection is also a critical issue due to that the
shorter of the channel, the smaller tolerance of the gate voltage. Thus, MOSFET will
be easily pierced. Fig. 68 illustrates;the ESD protection circuit used in out design.
The diode-chain protection will-guide 'large number of charge to GND or VDD, and
the large gate-grounded NMOS will ‘break-down once a large potential across VDD
and GND resulting in the charge in VDD flowing through NMON to GND. The
ESD protection circuit is added to each 1/O pin. This circuit is provided by UMC
with 3.6kV human body mode (HBM) tolerance and induces around 40fF parasitic

capacitance at each pad.
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Fig. 68 ESD Protection Mechanisms

6.3 Package Topology

The QFN20D package provided by SPIL is employed in our design. This
package is limited by 20 1/0 pins. The overall area of package is 2.5*2.5 mm?. The
package model including bond wirgseffect of each.1/O pin is depicted in Fig. 69. The
parasitic capacitance induced -at ‘each 1/O.-pad is around 40fF while the series
inductance induced by bone wire'is about 1nH. Furthermore, the parallel capacitance
will lead to signal coupling between adjacent pin which are the most concern of our
design.

IC Package

Bondwire Trace

Die PCB

Fig. 69 Package Model

6.4 PCB Design

As for the implementation of printed-circuit board (PCB), we adopt “R04003”
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as our dielectric owning to this material has less loss at high frequency operation.
The dielectric constant is around 3.4 at 5GHz. Besides, we employ four-layer board

to firm up the copper signal line, and further stabilize the RF signal path.

6.5 Measurement Setup

Three additional off-chip components must be employed for measurement.
They are in sequence transformer, power combiner, and quadrature phase shifter for

5GHz signal.

6.5.1 Transformer

A transformer is used at input'to convert'the single-end base band signal comes
from ESG to differential and thefinput to the gm-stage of mixer. The transformer is

shown in Fig. 70 which is produced by Mini-Circuits ADT4-6T.

~

~
-y 7
A

Fig. 70  Transformer

6.5.2 Power Combiner

A power combiner is used to add together two sinusoidal waves with different
frequency and then input to the transformer for conversion of single-end to
differential. The power combiner is 2way-0°, by Mini-Circuits ZFSC-2-10G as

shown in Fig. 71.
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Fig. 71 Power Combiner

6.5.3 5GHz Quadrature Phase Shifter

A quadrature phase shifter is used to convert single-tone signal comes from LO
ESG of 5.25GHz to four output signals with quadrature phase. This quadrature
phase shifter is designed and simulated by ADS-Momentum and implemented on

PCB using microstrip line. It is realized with Gombination of a rate race coupler to
provide 180° phase shifter and two branch:line couplers to provide additional 90°

T1HSE

phase shifter as depicted in Fig. 72 "

(@) (b)
Fig. 72 (a) Rate Race Coupler (b) Branch Line Coupler

Fig. 73 shows quadrature phase shifter implemented on PCB and the measured

loss and phase of each output port is summarized at TABLE 8.
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Fig. 73 Quadrature Phase Shifter on PCB

TABLE 8 Measured Loss and Phase of Quadrature Phase Shifer

OPort Number | 1 2 3 4
Loss 6.9 dB 7.4dB 7.9dB 6.9dB
Phase 90° 0° 180° 276°

6.5.4 One-Tone Test (A

The measurement setup . in Fig. 74. Three signal
generators have been used to ;t‘f-~ ,.%‘.. I/Q signals with 90° phase
difference, and one LO signal. Theyare i sequence Agilent E4438C ESG and
Agilent 83731B Synthesized signal Generator. Two transformers and one quadrature

phase shifter have been used for signal conversion. One of the output is detected by

Agilent E4446A Spectrum Analyzer with another terminated by 50 Q).
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Fig. 74 One-Tone Test Measurement Setup

6.5.5 Two-Tone Test

The testing setup of two-tone testis similarito one-tone test which is illustrated
in Fig. 75 except that two additional power combiners have been used. Besides, four
signal generators provide four base band signals.with two different frequencies and
each frequency has 90° phase offset. The 1/Q signals are individually added
together by the power combiner, and then similarly pass through the transformer for
conversion. The LO signals are still provided by a signal generator and the
guadrature phase shifter, and a Spectrum Analyzer is used to measure the power of

output spectrum.
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Fig. 75 Two-Tone Test Measurement Setup

Fig. 76 is the overview of our measurement environment. It shows two LO

signal generators, two BB signal generators, one power supply, and one spectrum

ARREN »
analyzer. And the connection of mea:stlFenTen is' hown in Fig. 77.

E |:I.
F

Fig. 76 Instruments Overview
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Fig. 77 Measurement Connection

6.6 Measurement Results of 5GHz TXFE-HL

In order to doubly verify this design, on wafer version and package version are
both implemented. The circuits are‘layouted and fabricated by UMC 0.18um
single-ploy-six-metal (1P6M)- CMOS ‘téchn‘ology. Each layout composes of a

quadrature mixer, 1/Q summation; ahd'a fully-differential pre-amplifier.

6.6.1 On-Wafer Testing

Fig. 78 shows the overall layout of the on-wafer version. The die area is
2140*1410 um? including pads. And the microphotograph of this chip is also shown

in Fig. 79.
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Fig. 80 shows the output spectrum of one-tone up-conversion. The measured
RF output frequency locates at 5.251GHz and the power is -3.987dBm while the
input LO frequency locates at 5.25GHz with 8dBm power and the input BB
frequency locates at 1MHz with -7dBm power. After calibrating the loss
contributing from cable, SMA connector, and the quadrature phase shifter at RF
output path of 3.8dB and at LO path of 13dB, the power conversion gain of

upper-side band is equal to (-3.987—(~7)+3.8~)7dB, when the equivalent input

LO power is -5dBm. Fig. 80 also illustrates the side-band rejection of 33dB referring
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to lower-side band of 5.249GHz and the carrier rejection of 40.8dB when input BB

power is -7dBm.

Agilent 17:17:42 Mar 23, 2004
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Fig. 80 5GHz TXFE-HL Qutput Spectrum for On-wafer Design

The measurement items are LO frequency vs. output power, input power vs.

output power, and input power vs. conversion gain as shown in Fig. 81~Fig. 83. The

solid line (blue) expresses the simulation result while the circle-solid line (red)

expresses the measurement result. In Fig. 81, since the on-wafer testing is very

sensitive to interference around, the output frequency response is not very smooth.

However, we can still judge that the resonator functions as expected, but the

conversion gain is abated by 4.7dB at desired frequency. Fig. 82 and Fig. 83 also

show that the measured output power and 7.2dB conversion gain which are both

abated by 4.4dB comparing to simulation with input P1dB of -6dBm slightly worse
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than simulation result.
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Fig. 81 LO Frequency vs. Conversion Gain (TXFE-HL On-Wafer Design)
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Fig. 83 Input Power vs. Conversion Gain (TXFE-HL On-Wafer Design)
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6.6.2 Package Testing

Fig. 84 shows the overall layout of the 5GHz implementation for package
version. The die area is 2040*2030 um? without including pads. And Fig. 85 is the

overview of chip on PCB with two transformers soldering together.

Fig. 85 Overview of Chip On PCB (TXFE-HL)

Fig. 86 shows the output spectrum of one-tone up-conversion for package

version. The measured RF output frequency locates at 5.251GHz and the power is
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-0.31dBm while the input LO frequency locates at 5.25GHz with 5dBm power and
the input BB frequency locates at 1MHz with -7dBm power. Similarly we first
calibrate out the loss contributing from cable, SMA connector, and the quadrature
phase shifter at RF output path of 1.5dB and at LO path of 10dB and the power
conversion gain of upper-side band is equal to (—O.31—(—7)+1.5 z)8.2dB for
equivalent input LO power of -5dBm. Fig. 86 also illustrates the side-band rejection
of 33dB referring to lower-side band of 5.249GHz and the carrier rejection of 27dB

when input BB power is -7dBm.
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Ll 1) Frag 5.24E 98 GH=z -26.968 dBm

Fig. 86 5GHz TXFE-HL Output Spectrum for Package Design

The measurement items are LO/RF matching, LO power vs. output power, LO
frequency vs. output power, input power vs. output power, input power Vs.

conversion gain, and two-tone test for IP3 as shown in Fig. 87~Fig. 94. The LO
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return loss is 9.5dB while RF output return loss is 10.45dB at frequency of 5.25GHz,
which are both worse than simulation result but maybe acceptable.

In Fig. 89, we can see that the measurement result resemble simulation but
with ~5dB degradation, when the LO power are both set -5dBm at the border of
linear and constant region. This degradation of 5dB also replies on output frequency
response output power and conversion gain. Fig. 90 shows that the measured
maximum output power does not locate at 5.25GHz, but with some frequency offset.
We can judge that some or all of the resonators in this design function wrong.
Besides, the measured maximum output power also degrades by about 2.5dB, which
is resulted from output matching degrading by more-than 6dB, and this assumption
will be verified as followed. Fig. 92 also shows that the conversion gain is 8.6dB
which is abated by 5.3dB comparing to simulation with input P1dB of -5.3dBm

closed to simulation result.
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Fig. 87 LO Matching (a) Smith Chart (b)LOG
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input power vs output power
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Fig. 92 Input Power vs. Conversion Gain (TXFE-HL Package Design)

Fig. 93 shows the output spectrum of two-tone up-conversion testing. The

measured RF output frequency locate at 5.256GHz and 5.257GHz and the IM3

appear at 5.255GHz and 5.258GHz while the input LO frequency maintains at

5.25GHz and the input two-tone BB frequency locates at 6MHz and 7MHz. The

measured input power vs. IM3 is depicted in Fig. 94. This circuit achieves input IP3

of 6.29dBm and output IP3 of 13dBm.
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Fig. 94 Two-Tone Test & IP3 (TXFE-HL Package Design)

After off-chip matching, the RF output return loss could be improved to 14dB

as shown in Fig. 95. Fig. 96 also shows the output power increases by about 1.3dB

after off-chip matching.
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Finally, Fig. 97 shows the transmitted spectrum of a 64-QAM OFDM signal

against the spectrum mask defined by the 802.11a standard. With a total output

power of -6.58dBm, the output spectrum is well below the spectrum mask,

indicating a good linearity margin.
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6.7 Measurement Results:of 5GHz TXFE-LP

-A" | B

Another design of the TXFE is fabr‘i‘cated only for package testing. Fig. 98
shows the layout and the die area is 2020*2000 um?. And this time the die includes a
new structure of quadrature mixer with wide-swing Sooch current mirror bias, a
differential-to-single circuit, and finally a single-ended pre-amplifier. And Fig. 99 is

the overview of chip on PCB with two transformers soldering together.
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Fig. 99 Overview of Chip On PCB (TXFE-LP)

Fig. 100 shows the measured output spectrum with the same condition as

previous setup. The LO matching and RF output matching are shown in Fig. 101 and

Fig. 102. The return loss is 8.6dB for LO input and 10.6dB for RF output port.
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Fig. 103 shows the measurement result of conversion gain with LO frequency
sweeping from 3.2GHz to 6.2GHz. The measured frequency response of conversion
gain is much different from simulation results for either the gain performance or the
bandwidth. The gain is 16dB less than simulation result and besides, it doesn’t
exhibit any peak value at any frequency band. This might be caused by some reasons
and we will verify later. Fig. 104 shows the measured result of conversion gain
versus input power. Once again, the gain performance is much different from the
simulation result although the P1dB is better. And it also indicates the phenomenon

of gain-peaking.
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The probable location causes the difference between simulation and

measurement is over the interface of mixer and differential-to-single stage which is

illustrated in Fig. 105. Since the compensated capacitance C. is connected to the

global GND, the induced parasitic capacitance is hard to estimate precisely. And in

order to test single module by oneself, we reserve an 1/O pin at the gate of M1,

however the package bondwire will induce considerable parasitic inductance and

owing to the imprecise package model, this would be another “offender.”

Besides, the multi-gm mixer adopts large number of device size ratio to

perform the offset of gm characteristic, and this. large N exceeds the limit of RF

model and thus forces us to replace with Mixed-mode MOS to implement which is

of risk in RF design. And the large device sSize ratio also makes the circuit very

sensitive to process variation. Fig. 106 shows the post-simulation result by adding

the bondwire inductor and changing the capacitance between Cc and board ground

which indicates that the simulation result is similar to the measurement result.
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Fig. 105 Differential-to-Single Converter of 5GHz TXFE-LP Circuit
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Another reason is the phase delay mismatch of the differential signals: RF+ and
RF- which is caused by the RC-delay at the drain of M1. Ideally, the inductors L1
and L2 would resonate the parasitic capacitance at the gate and the drain, but any
inaccurate estimation of parasitic effect will. induce considerable phase delay,
resulting in degrading of D/S performance. Fig. 107 is the phase post-simulation
results of the differential signals, ‘whichwindicates the phase difference of the

differential signals is not 180 degree anymore.
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6.8 Summary

TABLE 9 summarizes the measurement results of 5GHz TXFE-HL for

on-wafer and package testing. It also lists the specification of 802.11a standard and a

reference publication. We can see a good agreement between our specification and

the publishing paper. At the same time, since we reserve some design margin,

although the measurement is not as respect but which can still meet the specification

indicating that this is a successful circuit design.

TABLE 9 Measurement.Summary‘and Comparison

Parameters On-wafer On-wafer Package Package 802.11a. [7]2003 JSSC
Simulation | Measurement | Simulation | Measurement Specification Razavi
Frequency Range] RF=5.15- |RF=4.75-5.25GHz| RF=5.15- RF=4.35- RF=5.15- 5.35GHz RF=5.15- 5.35GHZ
5.35GHz 5.35GHz 5.45GHz
Power 68mwW 135mwW
Consumption
Conversion Gain| 11.6 dB 7.2dB 13.88 dB 8.6 dB 7dB N/A|
Input-P1dB -4.9dBm ~-6 dBm -5.1dBm -5.3dBm -5dBm N/A|
Output P1dB 5.7dBm 0.54 dBm 7.85dBm 2.3dBm 4 dBm 5dBm
11P3 7.7dBm N/A 7.0dBm 6.29 dBm N/A N/A|
OIP3 16.3 dBm N/A 17.3dBm 13 dBm 14.5dBm 15dBm|
RF Return Loss 25dB -12dB 24 dB -9dB <-15dB N/A|
LO Return Loss 30dB dB 22dB -15dB <-15dB N/A|
Side band 109 dB 33dB 55 dB 33dB N/A 50 dB
rejection
Carrier rejection 94 dB 40.8 dB 40dB 27dB <-15dB 38dB
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Chapter 7

Conclusions and Future Works

7.1 Conclusions

Two CMOS transmitter front-ends for 802.11a standard have been implemented
by UMC 0.18um 1P6M process. Each of the transmitters front-end adopted different
skills to linearize the mixer. Theifirst one.employs triode region MOS as source
degeneration of gm-stage, while the secand one employs multi-gm current addition
technique. The measurement results indicate that the TXFE-HL circuit has linearity
performance of -5.3dBm input P1dB, 2.3dBm output P1dB, 6.29dBm input 11P3 and
13dBm output IIP3, and it also achieves 8.6dB power conversion gain when
consumes power of 68BmW. The carrier suppression is 27dB while the side-band
rejection is 33dB. And it also passes the transmit spectrum mask for 802.11la
54Mbps, 64-QAM OFDM signals.

As for the TXFE-LP circuit, due to the process variation, the imprecise parasitic
capacitance induced at GND or VDD pads and imprecise package model, the

measurement result is different from the simulation. However, it still has proper
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function to up-converse a base band signal to RF band.

Finally, a novel architecture of dual-band transmitter front-end has been
proposed. This transmitter adopts single mixer followed by two preamplifiers
operated at 2.4/5GHz respectively. In this way, the current dissipation and chip area
could be saved. The simulation results indicate this circuit achieves 7dB power
conversion gain with input P1dB of -5dBm for 5GHz and 2.4GHz, respectively, and

it consumes only 44mW at 1.8V power supply.

7.2 Future Works

As for the future works, we first-divide the circuit into several segments, and
discuss how to improve the performance-for each segment, respectively. The main
objectives are still multi-band, low pewer;-high linearity and single chip.

First, the two linearization mechanism employed in gm-stage of mixer could be
made a more detail comparison, and even try to combine both the linearization
mechanism to achieve higher input P1dB [32][33]. Besides, LC-tank current folded
technique [34] must be utilized to apply the trend of shorter channel inducing lower
supply voltage design. Fig. 108 expresses the operation of this technique. The stack
of three MOS stages can be reduced to only one MOS by replacing the current
source with the LC-tank providing the DC current for gm-stage and switching stage

of mixer and the gm-stage is changed from NMOS to PMOS. In this way, the mixer
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can be adopted for low power supply application.
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Fig. 108 Design for Low Power Supply Application

On the other hand, since the two preamplifiers in dual-band transmitter front
end proposed in this thesis are always on, a high frequency switch circuit must be
utilized to save more power consumption;sosthat:the bias current of preamplifier
could be permitted higher to gain higher eutput power. Besides, as we know that the
802.11a operates at three bands, and each band requires different output power, so a

programmable power mechanism as shown in Fig. 109 also needs to be designed

[7].
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Fig. 109 Binary Weighted Programmable Preamplifier
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At last, in order to mitigate the difficulty on measurement, we would suggest

implementing an on-chip VCO.

Fig. 110 illustrates another architecture for multi-band application. By utilizing

the dual-band transmitter proposed in this thesis, the base band signal can be

up-conversed by two step to obtain 3~9GHz RF output signals.

>
BB b | IF RF 1 Diff-to-Single j—pr
—_—> >
3,4,5,6,7,8,9 GHz
LO1 LO2
Matching Matching
circuit circuit
1/2 GHz 5/7 GHz
BO Bl

Fig. 110 Multi-Band Architecture
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