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Abstract

In this paper, an interference’aware scheme is proposed with RF receiver front-end
design for WiMAX application; . The interference level can be sensed via the proposed
scheme for the adjustment of RF front-end linearity performance which corresponds
to the system interference tolerance hence avoids unnecessary power consumption. A
RF receiver front-end including a low noise amplifier and a mixer with dual modes of
high linearity and low linearity are applied to demonstrate the proposed interference
aware scheme for WiMAX application. By applying the proposed interference aware
scheme with dual modes RF front-end, 5.5dB improvement of system interference

tolerance can be achieved. These circuits are fabricated in 0.18um CMOS process.
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Chapter 1

| ntroduction

WIMAX (Worldwide Interoperability for Microwave Access) is based on IEEE
802.16 standard for Metropolitan Area Networks (MAN). Its goa is to deliver
wireless broadband access to customers using base stations with coverage distancesin
the order of miles. In a WiMAX system, not al users’ applications are of the same.
Browsing the web, emailing, sending/receiving video, downloading files, or using
VOIP are al activities that might'be performed simultaneously within the population
of users. In the case of WIMAX, the signal levels received at the mobile and base
station terminals are important since mobile terminals that confront better power
ratios of the carrier signal over interference signal can be reached using higher order

modulation schemes (such as 64QAM) therefore increasing the capability of users.



1.1 Motivation

The mobile equipments in WiMAX system is designed to keep high quality of
data transferring in the system coverage area. Most users use the wireless system in
the urban area, and the toughest situation for data transferring usually occurs here, due
to buildings shielding and interferences from many other users. On the other hand,
because many users access WIMAX system at the same time and place in urban area,
it is a serious problem in signal interference. Thus the linearity of receiver is an
important issue. For increasing the data rate and capability, the high order modulation
is required but it is sensitive to interference. Combining these conditions, high
linearity is needed for receivers, and thisis a great challenge for RF front-end receiver
circuit design.

Several circuit techniques have been 'proposed to improve linearity of receiver
front-end circuits. However, [1, [2},~and-|3]-have the drawback of higher power
consumption compared to the conventional structure and [4] has reliability issue. For
these reasons, this thesis proposes a new architecture named interference aware
scheme and receiver front-end (LNA and Mixer) with higher reliability linearity
technique to release the trade-off between linearity performance and power
consumption.

The research goal in this thesis is to implement receiver front-end circuits with
dual linearity modes (high and low linearity). An interference aware scheme is also
implemented to collocate with dual linearity modes front-end circuit. Combining
these two circuits could have suitable linearity performance according to different

adjacent/nonadjacent interference level.



1.2 Receiver Specifications

From the naming of WIMAX system, the major characteristics of this system are
“worldwide” and “interoperability”. With these two characteristics, WiIMAX open the
technology to a wide variety of applications. In this section, we first decide the
frequency band. The receiver specification and architecture are introduced in
following two subsections. The specification of the receiver front-end is calculated

from requirements of receiver, and it is presented on the last of this section.

1.2.1 Frequency Band Selection

There are two interesting frequency bands of WiMAX application, one is
10-66GHz for the line-of-sight (LOS) environment and the other is 2-11GHz for
non-LOS environment. In the 2-11GHz operation. band, |EEE 802.16e adds mobility
and enables applications on notebooks and-PDAs in‘the frequency range of 2-6GHz.
The band range does not unified frem-country to country, but there are some usually

referenced bands from USA as Table 1.1:

Table1.1 WIiMAX reference bandsin 2-6GHz range

Bands Frequencies
Licensed Wireless Communication Services 2.305-2.320GHz
Band (WCS) 2.345-2.360GHz

Multichannel Multipoint 2.5-2.69GHz

Distribution Service (MMDYS)

Fixed Wireless Access (FWA) 3.4-3.7GHz
License- Industrial Scientific Medical (ISM) | 2.4-2.4835GHz
exempt Unlicensed National Information 5.25-5.35GHz

Infrastructure (U-NII) 5.725-5.825GHz




U-NII/ ISM
5.250-5.350GHz
5.725-5.850GHz

2.500-2.690GHz )| 2.400-2.4835GHz

\

MMDS
2.150-2.162GHz [ ISM SRR

WTO00-32
3.650-3.700GHz
4.940-4.990GHz

|
2 . . 3 FWA 4 5
1o 5 250 3.400-3.700GHz

Figure1l.1 Bandsfor WiMAX Applicationsin 2-6GHz range

-
T o)

In this thesis, we focus on the first band of the WiIMAX 2.3-2.7GHz and its range
is shown in Figure 1.1. In this band, the WCS, ISM and higher part of MMDS

applications are covered.

1.2.2 Receiver Specifications

In the |EEE 802.16-2004 standard [5], there are four air interfaces which operates
in frequency band below 11GHz: WirelessMAN-SCa, WirelessMAN-OFDM,
WirelessMAN-OFDMA and WirelessHUMAN. In this thesis, WirelessMAN-OFDM

interface is focused.



A. Sensitivity

From the IEEE 802.16-2004 document, the required BER (bit error ratio) shell be
less than 10°° in WirelessMAN-OFDM interface. The receiver maximum input signal
is -30dBm in both two interfaces, too. But other receiver requirements, such like
sensitivity and adjacent channel rejections, are different between interfaces.

Following the IEEE 802.16e-2005 document [6], assuming 5dB implement
margin and 8dB NF for receiver chain, the input sensitivity specifications in OFDM

interface shell be:

N N
R = - 101+ SNR,s#+10 ¥ og(F, X2 x—sxhamds ) (1.1)
Niegs 16

Where
NRr«: the receiver SNR in dB;. depends on-modul ation scheme and coding rate.
Fs sampling frequency in MHz, "F. = floor (n > BW/8000)" 8000.
Nused: Number of used subcarriers, default is 200.
Neer: Smallest power of two greater than Nused.
Nsubchannel: the number of allocated subchannels (default 16 if no subchannelization

used)

From Table 1.2, when the BPSK modulation and 1/2 coding rate are used, the
SNR reaches a minimum number as 3dB. The minimum channel bandwidth is
1.5MHz, n=86/75 for 1.5MHz BW. Combine these conditions into Eq. (1.1), we can

derive the minimum input signal shall be -96.7dBm.



Table 1.2 Receiver SNR assumptions of WirelessMAN-OFDM interface

Modulation Coding Rate Receiver SNR
of OFDM (dB)
BPSK 1/2 3.0
1/2 6.0
QPSK
3/4 8.5
1/2 11.5
16-QAM
3/4 15.0
12 N/A
64-QAM 2/3 19.0
3/4 21.0

B. Adjacent and non-adjacent.channel rgj ection

The adjacent and non-adjacent channel rejection requirement of both interfacesis

listed in Table 1.3. The requirement isidentical in both interfaces.

Table 1.3 Adjacent and non-adjacent channel rejection

Modulation Adjacent Channel | Nonadjacent Channel
Rejection (dB) Rejection (dB)

16-QAM 3/4 11 30

64-QAM 2/3 4 23

The input third order intercept point (I1P3) is a linearity factor of receiver, and it

can be derived from:



3R

-P..  +SNR__.
1 P3 - blocker desired Rreqwred

2

(1.3)

Where
Phiocker: the adjacent or non-adjacent channel blocker level in dB.

Puesired: the desired signal, which is 3dB above the sensitivity.

From Eq. (1.3), the normal 11P3 of receiver in OFDM 16QAM 3/4 modulation is
-18dBm for NCR = 23 dB. If the NCR = 30 dB for extreme situation, the maximum
[1P3 is -9dBm. The maximum [1P3 requirement for the overall receiver is difficult to
achieve with traditional circuits. Hence the thesis proposes new architecture to meet

the linearity requirement at different interference situation.

1.2.3 Receiver Architecture

Figure 1.2 illustrates the system architecture of WiMAX receiver. Recently the
direct conversion architecture for receiver is very popular and has been presented in
many literatures. This architecture is also adopted in this research. There are many
advantages of direct conversion receivers, such as reducing image rejection devices
and simplifying integration of blocks, which can help to save power consumptions
and to realize the system-on-chip integration. On the other hand, the drawbacks of
direct conversion receiver are problems of DC-offset, 1/Q mismatch, even-order

distortion and flicker noise.
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Figure 1.2 System architecture of WiMAX receiver

In the receiver architecture, a band pass filter and a Transmit/Receive switch are
the first two blocks. The proposed-receiver front-end is the next block. LNA, mixer,

IAS, and L PF are implemented +n the thesis.

1.2.4 RF Receiver Front-End Specifications Calculation

Since the receiver sensitivity is -102dBm, and the maximum input signal is
-30dBm, the receiver dynamic range can be derived as -102-(-30) = 72dB. This range
is derived on the condition of NF<8dB. |1P3 of receiver is also derived as -18dBm. By
introducing dual gain mode method to receiver front-end, the dynamic range can be
split into two modes. high gain mode for small input power signal, and low gain mode

for large input power one. The specifications of blocks list on Table 1.4.



Table 1.4 The receiver block specifications

BFP | Switch | LNA | Mixer | HPF |LPF | VGA | Unit
Gain(H) -1 -1 17 8 10 -3 70 dB
Gain(L) -1 -1 8 8 0 -3 25 dB
NF 1 1 2.5 10 151 |21 21 dB
IP1dB(H) -15 0.25v | 031V |05V | 0.35V | dBm/V
IP1dB(L) -5 0.25v | 031V |05V |0.35V | dBm/V
[1P3(H) -4.5 0.84v | 1.02v | 168V | 1.17V | dBm/V
[P3(L) 55 0.84v | 1.02v | 168V | 1.17V | dBm/V
NF, cas 6.86 5.86 4.86 dB
[1P3(H), cas -24.54 dBm
[1P3(L), cas -8.89 dBm

If the WIMAX receiver confronts severe interference situation (NCR = 30dB),

the linearity performance of the front-end (LNA.+ Mixer) must be better than -9 dBm.

That is atremendous design challenge for-conventional receiver front-end circuit.

1.3 Previous Techniquesfor the Linearity

| mprovement

The continuous scaling of CMOS technology makes the design of high gain, low

noise, and low power consumption of CMOS LNA and mixer achieve great success.

Nowadays high performance wireless receivers require high linearity, however, the

receiver circuit impairments, such as inter-modulation distortion (IMD) and gain

compression can serioudly limit the receiver linearity. In addition, the linearity of

MOS transistors still can not meet the strict requirements of WiMAX system without

the cost of high power consumption. This evokes the requirement of linearization

technique for CMOS LNA and mixer. Several circuit techniques have been proposed

to improve 11P3 linearity of RF receiver front-end circuits as in [1],[2],[3] and they

will be discussed in following sections.




1.3.1 Degeneration of the Input Gm-Stage

Either resistive or inductive degeneration can be used for the linearization of the
LNA and mixer input stage. Resistive degeneration consumes less chip space but
increase noise. In low-power applications and low-voltage processes the voltage drop
over the resistance reduces the headroom of the transistors. By using inductive source
degeneration these problems can be avoided at the cost of increased silicon area. In
Figure 1.3 the 11P3 as a function of the gate voltage is presented with degeneration

inductances for a simple common-source MOS amplifier.

Load

| =

Source
Degeneration

(wgp)edil

. . H H i . H i H
— ez 064 066 065 o7 0T o ors 078 LE .63

T4
. Gate Voltage (V)

Figure 1.3 ThellP3 of asimple MOS amplifier with degeneration inductance [1]

With larger degeneration inductance, higher 11P3 is possible to achieve. From the
Figure 1.3, for higher I1P3 higher gate-source bias voltage is required, which

consumes more power at the same time.

10



1.3.2 1M 3 Cancellation Techniques

Several literatures presented circuit topologies to improve the linearity by using
IM3 cancellation [2] and [3]. Usually these approaches achieve higher 11P3 by means
of splitting one signal path into two parallel signal and auxiliary paths that have
different qualities. When the resulting signals are combined, the wanted signals have

an equal phase and the IM3 tones are in opposite phase canceling each other.

A. Active Post-Distortion Technique

iiout

Bias 20
Vele/e = N With Canoellatioﬁ
M;(g1/B) g
| = 0 | | ;
= / """"""""""""""""""""
10 / ...... o i Without Cancellation -
-20
06 065 07 075 08 085 09 095 1

- VGS [V]
Figure 1.4 Schematic diagram of APD technique and its linearity performance]2]

The linearization technique is shown in Figure 1.4, where M1 and M2 form the
main signal path, and M3 and M4 form the auxiliary path used for distortion
cancellation. Where g; is the small-signal transconductance, g, is the first order
derivative of g;, and gz is the second-order derivative of g;. From the conventional
representation of time-invariant memoryless nonlinear system, the gs o« Can be

derived asfollows:

11
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gS_out gsg b b g gﬁb ( )

By adjusting a and B values, the amplitude and phase of these nonlinearity can be
optimized such that the maximum 11P3 can be achieve. However, the auxiliary path

needs to consume extra power and the “sweet spot” of the I1P3 performance is

sensitive to the process variation.

B. IM3 Cancellation by Duplicate Circuit

Figure 1.5 High linearity LNA circuit [3]

The second linearity enhancement topology isillustrated in Figure 1.5. The same
structure is used for the main LNA and for an additional auxiliary LNA to cancel the

3% harmonic. But the auxiliary LNA must consume power that is the same as main

one.
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1.3.5 Summary

Table 1.5 Reference performance of the linearization techniques

(3]
2
Reference i (2] _ , IM3 Cancellation by
Active Post-Distortion L
Auxiliary Path
) _ without _ ) without
Linearized| . i ILinearized| . i
Linearized ILinearized
Gain(dB) 16.2 16 15.5 18
NF(dB) 1.2 1.2 2.8 2.6
[1P3(dBm)| 10.25 -2.5 18 5
Power
31.2 13 30 15
(mW)
Ratio
0.34 0.043 2.10 0.21
(mMW/mW)
Process 0.25um CMOS 0.35um CMOS
Operating
869~894'MHz 900MHz
Frequency

*Ratio = 11P3 (mW)/Power(mW)

In order to compare the efficiency of the linearization techniques, the
performance measure for linearity enhancement can be expressed by the 11P3/Power
Dissipation, since 11P3 is usually proportional to DC power consumption. According
to Table 1.5, these linearization techniques discussed above not only improve the
[IP3/Power with linearization but also consume more power compared to
conventional circuit without linearization For the reason, this thesis proposes a new
architecture named interference aware scheme to release the trade-off between

linearity performance and power consumption.
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1.4 The Concept of Rx Front-End with [AS

According to specification calculation for WiMAX system, the linearity
requirement for 11P3 is -9 dBm for the most interference situation. It is difficult to
achieve with conventional receiver front-end circuit design. With aforementioned
linearization techniques, receiver front-end circuits might meet the linearity
requirement but would consume extra power to fulfill system interference rejection
performance.

Because of the trade-off of these linearization technique, this thesis proposes a
receiver front-end circuits (LNA and Mixer) with dual linearity modes (high and low)
where high linearity mode consumes more power than low linearity mode, and an
interference aware scheme to adaptivaly. cqntrol the linearity modes of the receiver
front-end circuits according to the mterferlence stuan on. With the aid of interference
aware scheme (1AS), the adj acent channel mterferencé can be sensed and a signal can

i-., l

be created to control the RF fFOnt-end ‘operanon modes to meet system linearity

requirement. i

Low interference I -

High interference

- -D =

(b)

Figure 1.6 (a) lower interference situation (b) higher interference situation

14



The Figure 1.6 explains the behavior of the combination with IAS and RF
front-end. If the receiver is in lower interference condition, the IAS will control the
RF front-end to be at low linearity mode to save the power consumption. If systemis
in higher interference condition, the IAS will control the RF front-end to be at high
linearity mode to meet the severe situation. So the combination with IAS and RX
front-end design could release the trade-off between linearity performance and power

consumption.

1.5 Power Efficiency Analysis

A power efficiency equation is proposed to determine whether the architecture is

suitable for specified channel condition.

By X +=R™X1- X)+ P, £ B4 (1.5)
P=(P +P
XE£— FEH I: P x5) = Xy (1.6)

Py : power consumption of RF receiver front-end at high linearity mode
P. : power consumption of RF receiver front-end at low linearity mode
Pias : power consumption of the IAS architecture

Pr :reference design power consumption

X : the probability of high interference condition

When the probability of high interference condition is less than X1y, the IAS

architecture is suggested to be adopted

15



1.6 Organization

The organization of this thesis is overviewed as following: Chapter 2 presents the
design methodology of the interference aware scheme. In this chapter, a new
architecture for sensing interference is proposed. Chapter 3 presents the circuit
designs of the IAS and RF receiver front-end. Chapter 4 has the measurement results
of the IAS and RX front-end circuits. Chapter 5 concludes with a summary of

contributions and the future works.
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Chapter 2
| nter ference Awar e Scheme

In this chapter, the architecture of the interference aware scheme is introduced and
each block of the IAS is explained in detail. The design flow of the IAS is also

presented.

2.1 Design Concepts of RX Front-end with [AS

The IAS can sense the carrier signal and interference signal at the same time and
compare these two signals. If the interference signal is great than some degree
compared to carrier signal, the IAS sends‘a signal to make RF receiver front-end
circuit (Mixer) be at high linearity mode.-On the contrary, RF receiver front-end is at
low linearity mode. That is, the proposed interference aware scheme can sense the
interference level and then switch the modes of+the RF receiver front-end circuit

accordingly for better system interference tolerance or low power operation.

2.1.1 Determine Threshold S

Before describing the behavior of the IAS, we first discuss the threshold S. The
relationship of EVM spec vs. interference with fixed carrier signal for dual linearity
modes are shown in Figure 2.1. For a fixed carrier signal power, the low linearity
mode can tolerance S dBm interference power and high linearity mode can tolerance
more interference power than S dBm. According to the Figure 2.1, three conditions

are defined as follows:
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C-1 <S High linearity mode
C-1>S Low linearity mode
C-1 =S Holding mode

C: Carrier signa (dBm); I: Interference (dBm); S: threshold value (dB)

The proposed IAS should differentiate the three conditions and sends adaptive control

signal to RF receiver front-end.

EVM (dB)
A ===e=| 0w linearity mode
— High linearity mode
I SAdB) i i
System i L I'
Spec h q' --------- "'i /

Interference (dBm)

Carrier signal (Fixed)

Figure2.1 EVM vs. Interference with fixed carrier signal

2.1.2 The Behavior of the |AS

Figure 2.2 shows the behavior of the IAS. The carrier and interference signals
first get into the receiver path and next into signal distinction. They are separated into
two paths: Path_| (interference path) and Path_S (carrier path) and the gain difference
of Path_| and Path_Sis designed to be equal to S (dB). And then, these signals after
signal distinction are sensed by peak detector and transfer amplitudes into peak levels

for comparison. The error protection could avoid power wasted issue due to saturation

18



of amplifier. Finally, the mode selection sends a suitable controlled bias to RF

receiver front-end according to the comparative results.

Signal
Level = , .
A ower Amplitude Peak Level Logic Signal
- ————————— - ——————— - ——————— > ————— -
Cl<s o | |
j ________ | I ?AS | AV | Highlinearity mode
I [ s 1 1 T I S
TTTTA I ' I ' I
| : . A I R
C-1>S I I |
I AA fAS | |
_________ | : I Vs | Low linearity mode
A yse b . |
I 4 I L | ‘
I I I "
C-1=S8 I I |
| IAI ?AS I I Holdin
________ ' g mode
} i sdB | | ; I NIENE I
-—-Y I : I : I
I : I | i I | : I .
Path Receiver | Path I “Path.S- | Path | Path S |
I . | |
| Si gna] | | Peak Detector | | Mode
| - . . | | .
| Distinction | | Error Protection | | Selection

Figure 2.2 "“The behavior of the IAS

Dash line: interference signal

Dot line: carrier signal

2.2 The Components of the |AS

Figure 2.3 shows the architecture of the proposed interference aware scheme with
RF receiver front-end. Building blocks of signal distinction, envelop detection, mode
selection, and error correction are developed and designed under the system
specifications and the performance of the receiver front-end circuit. Proposed
interference aware scheme can sense the interference level and then switch the modes

of the RF front-end circuit according channel conditions (C-1 > S; C-1<S; C-1 =95)
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Interference Aware Scheme

| Signal Digtinction Error Protection
r-=—-=--- i |
| | ¥ | Mode
! Amp_S! Amp | Selection
| | f schmitt] 1= == — = - —
| : |: e Trigger :| |
| o oo =-=-o=-=-—=-==== |
I I | |
| | | |
| | thiacl:or schmitt|'1 | Mode | |
| h I Trigger || 1| Selection| |
| Amp_| | Amp | | I
|| 1 peak || 1 |
Detector | : |
I I
RF Front-End ! I
___________________ a : I
r | Peak Detection | '
[ N A i e - |
| Mixer | | |
Vs I I
| LNA HPF | ] | LPF | ] | | I
| VGA  |-Pathto Baseband . |
| P! Bias I
| | ' : Generator :
| | | HPF J| LPF [ S
| Ve | H ] VGA  Q-Path to Basehand —_—— — —
L ixer

’ Interference Aware Scheme

Figure 2.3 The proposed interference aware scheme with RF receiver front-end

Details of the four building blecks for the proposed interference aware scheme are

being discussed as follows:

A. Signal Distinction

Three main components including a low pass filter and two amplifiers with
different gain between carrier path and interference path are required to perform the
signal distinction as shown in Figure 2.4(a).

In Figure 2.4(b), the signal distinction is built by the reject performance of LPF. In
carrier path, the interference is filtered out by out-band rejection and carrier signal is

reduced by in-band insertion loss. So the signal distinction could be achieved.

Gain response of carrier path: Gs + Loss
Gain response of interference path: G

For matching up the defined threshold S, the GI — (GS + Loss) = S must be satisfied.
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Signal Distinction

I Amp S |
| I
| ] Loy
| E Carrier Path |
| : |
I ' I
| Jipame
R T} 5 L
[ T S |
: T Interference Path
- = o

Loss: lossfor in-band carrier signal
R: rejection for out-band interference

(@

Long dash: interference ; short dash; carrier

B. Envelop Detection

In-band

>
Out-band

(b)
Figure 2.4 (a) The diagram of the Signal Distinction. (b) The behaviour of LPF

The output of the two paths from-Ampz=S and Amp_| are sent to the peak

detectors for the peak level detection of the carrier signal and interference. A

differential amplifier Amp is applied to compare the peak level difference and convert

it into near VDD or GND with the transfer characteristic of Amp as shown in Figure

2.5 (b). However, an unstable state arises as the peak levels of the two signals are

close, which may results in an uncertainty condition for the following stage of mode

selection. This problem can be fixed by employing a Schmitt trigger after the Amp to

remove the unstable state with its transfer characteristic as shown in Figure 2.5 (c).

AS Peak
Detector

Vg

AI Peak
Detector

=

Vi

+

Vo

Amp

Schmitt

Trigger

Digital_Out

V: Carrier signal peak level
V,: Interference signal peak level

(@
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Output (Amp)
A

V[_—

Digital out

A
VDD -

GND - -

o

GND

(b)
Figure2.5 (a)Thediagram of the envelop detector.
(b) The transfer characteristic of Amp and (c) Schmitt trigger

C. Error Correction

Vs-Vi

(©)

Error.Protection

Schmitt
Trigger

Amp
M,
Peak Vg

Detector 4
Vi Amp
Peak i
Detector

Schmitt
Trigger

Figure2.6 The diagram of the error correction

For the condition of both carrier signal power and interference power larger than a
certain level that saturates Amp_S and Amp_|. The output peak levels from two
paths’ peak detector are the same and maximum values (Vs max = Vi_max). According
to the Schmitt trigger’s characteristic, the IAS stays on sending the controlled signal
of the previous mode called “locking mode.” If the previous mode is high linearity
mode and the channel condition is C-I > S (low interference), the RF receiver
front-end has power wasted issue (low interference but in high linearity mode) when

the IASisin locking mode.
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An error protection is proposed to solve the power wasted issue. The Vger is
dightly small than Vs ma (AmMp_Sis at saturation). When the Vs > Vger, the Amp_S
is at near saturation and the controlled bias signal of the low linearity mode is sent to

RF receiver front-end to avoid power wasted issue.

D. Mode Selection

M ode Selcction

__________ . —_———— e ———
: Error Protection| gehmitt || Ist1 :
| Trigger I : |
I
I I
| Peak Detector Schmitt 2 |
I Trigger |, | |
I __________ ] I I
v |_ P igit_outl:
Receiver CTRL (Q-path)
, l BIAS
Font-end [| Generator I :
I digit_out2
| (I-path) |

Figure 2.7 Thediagram. of the mode selection.

The mode selection circuit not only performs the Boolean operation for the signals
from peak detection and error protection but also generates control voltages to RF
front-end circuit from bias generator for the mode switching.

The Boolean operation for mode selection in shown in Eq. (2.1), where the inputs
are from the outputs of Schmitt triggers, st1 and st2 which are in the peak detection
and error protection circuits and a digital output of digit_out is created for the bias

generator.

digit out = stl- st2 2.1)
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After that, a bias generator creates a designed control voltage Vcrr. for the RF
front-end circuit to bias the RF front-end at the selected mode. The summary for the

mode selection operated in all conditionsis shown in Table 2.1.

Table2.1 Summary of mode selection

Condition Saturation | stl | st2 [digit_out
VS>VREF 0 0 1 Low
Cll<S
VS<VREF 0 1 0 High
VS>VREF 1 0 1 Low
C/l>S
VS<VREF 1 1 1 L ow

2.3 The Design Flow of thelAS

The design flow of the IASis dependant on the main three parts. adaptive
threshold S, sensitivity issues, and gain'difference between interference path and
carrier path. They are described in detail asfollowed:

A. AdaptiveThreshold S

The ACI maximum requirement for the gap between Wik and WiMAX is-15 dB
from co-simulation (baseband and analog). For WiMAX 64QAM-3/4, the ACI
requirement is -4 dB. From these two requirements, we can define the adaptive

threshold Sis the value between -4 dB and -15 dB.
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B. Sensitivity Issues
1. WIMAX signal has the sensitivity level denoted by Wensiivity-

2. The IAS aso has the sensitivity issue caused from peak detector.

Amp 1:G,=0dB [~ V| Vs

i I Peak Detector
RX Front-End Slgnal

Distinction | Error Correction

Isensitivity - Gfront-end 4—Al_sensitivity<_Vl_sensitivity

Figure 2.8 The sengitivity of the IAS

Because the IAS mainly focuses on the interference signal, the peak level’s
sensitivity of the interference path from peak detector iS V| _sensitivit,. From Figure 2.8,
the lsensitivity could be derived when'G; (the Amp_I’s gain) is 0 dB. If the IAS wants to
operate correctly when the carrier,signal is ai-sensitivity level, the followed equation

must be achieved.

G = lsensiivity — (Weensitiviy — S) (2.2

C. Gain Difference
The gain difference is used to match up the threshold S and the following

equation should be met.
S=0G - (GS + LOSS) (2.3

Loss = -1 dB for LPF’s design margin and the GS could be derived with followed

equation.

Gs =G - S - Loss (2.4)
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Chapter 3

Circuit Design

In this chapter, these circuit designs of the proposed IAS and RF front-end are
elaborated. Section 3.1 describes the circuit design of the RX front-end (LNA and
Mixer) with dual linearity modes. In section 3.2, the designed RF receiver front-end is
used to simulate the EVM performance on the co-simulation platform. Section 3.3
describes each circuit designs of the IAS. These circuits are designed in 0.18um

CMOS process.

3.1 RX Front-End Circuit‘Design

3.1.1 System View

In the system analysis, we will refer to the RF receiver front as to the system
consisting of a LNA and Mixer, as shown in Figure 3.1. If G NF and IP3 are the
power gain, the noise figure and the third order intercept point of the corresponding
circuits, as indicated in Figure 3.1, the equivalent noise and the linearity performance

can be expressed by the Friis formulae, as given by Eq. (3.1) and Eq. (3.2).

Figure3.1 Simplified RX front-end model.
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NF, - 1

NF = NF, + (3.2)

1

12: 12+ Glz (3.2
IP3* IP3° IP3,

where 11P3; is the mixer third-order interception point and G; is the gain of the LNA.
With typical LNA gain values the mixer is usually limiting the linearity of the whole
receiver. Meanwhile, the NF isdominated by LNA.

For the architecture of RX front-end with IAS, a RX front-end with dua linearity
modes is needed. Because of above discussion, the function of dual mode linearity is
achieved by the mixer with some linearity improvement techniques and the NF

performanceis optimized by LNA.

3.1.2 Circuit View
For the design of mode switching, a linearity ‘analysis has been studied [7] and

Eg. (3.3) shows the relation between 11P3 performance and power consumption for a

[IP3= A 32 1 (3.3
3la, 3 Kge

where (a1, o) is the first- and third-order intermodulation coefficients, Ip is the drain

simplified input stage.

current, and Kge is the transconductance parameter of the transistor. It can be seen that
the I1P3 is mainly determined by the current and the size of the transistor. Hence, 11P3
is proportional to the square root of the current flowing in the input MOSFET.

From reference [1], an input amplifier stage with adaptive source inductive

degeneration increases |1 P3 performance.
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3.1.3 Circuitsand Summary

———— ——— — — — —— — —
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Figure 3.2 Simplified schematic of the RF front-end circuit

Figure 3.2 shows the receiver front-end circuits such as LNA and Mixer with
output buffer. The folded mixer is adopted because it can decouple the trade off
between noise figure and linearity [8]. Input gm stage in mixer is designed to be
switchable for dual linearity modes by adjusting the bias voltage V crri according to
above linearization technique. The LNA is designed to reduce the noise figure and the
cascode topology is adopted, because it uses less MOSFET and can be easily
optimized for noise figure by reference [9]. Cascode topology also offers the highly

reverse isolation (S12) performance.
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The simulation results are shown in follows:

Table3.1 The Performance of RF receiver front-end

Parameters High linearity mode | Low linearity mode
Gain (dB) 25.2 25.7
NF (dsb) (dB) 2.6 2.56
11P3 (dBm) 7.7 -15.5
Power (mW) 28.1 13.7
Ratio (mMW/mW) 0.6% 0.22%

* One LNA and two mixers for |Q-path
* Buffer’s power consumption isn’t included
Vcrre isthe bias voltage from IAS:
1. Verre =14V  highlinearity mode. (IIP3=-7.7 dBm)

2. Verre =05V  low linearity mode (11P3 = =15.5 dBm)

3.1.4 System Co-simulation

The co-simulation platform includes the baseband part and analog part. Using the
platform can evaluate the EVM vaue the receiver performance under different
channel conditions. The platform helps to evaluate how much interference can be
tolerant under the system specification in the dual linearity modes.

A. Co-smulation Platform

The signal considered is WIMAX 64QAM-3/4 modulation signal and 20 MHz

bandwidth for its highest 11P3 requirement. The carrier frequency is 2.6 GHz. The
interference block is built and has the same modulation type as the desired signal. But

its center frequency is 2.58 GHz as the adjacent channel interference. The platform

isshowed in Figure 3.3.
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WIiIMAX modulated signal (fc = 2600 MHz) as carrier signal

T . ~
L-@:‘ 7l R

— 1 £+ -
=3 2k
a | - (0 =0
o 5
' -2 &= = RF receiver =
.. L= ash

WIMAX modulated signal (fc = 2580 MHz) as interference signal

Figure 3.3 Co-simulation platform

Fogng oy mind Wl iy A0 F A0, i PR R i | S P BN i S P A P A ke P W

Figure3.4 The RF receiver

Receiver front-end:

1. LNA and mixers are replaced with schematic level.

2. Others are the behavior model for reducing simulation time.
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B. Smulation Results

-20 ! ! ! ! T ' T
E i i i —— High linearity mode
—=—  Low linearity mode
-21
o
A=k
=
0
-21.5F —
B 14.5dB | i
225 | | | i i i i
-58 -66 -61 62 -60 -58 -56 541 -52

RFy =-67.5dBm Interference Power (dBm)

Figure 3.5 EVM vs:Interference with sensitivity carrier signal

System interference tolerance:
1. Highlinearity mode: 14.5 dB
2. Low linearity mode: 9dB

S=-9dB (Between -4 dB ~-15 dB)

3.2 The Circuit Design of the |AS

The architecture of the IAS is composed of these circuits including amplifiers,
peak detector, Schmitt trigger, and low pass filter (belong to RF receiver system).

These circuit designs are described as follows.
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3.2.1 Peak Detector, Schmitt Trigger, and Ampifier
The circuit design of envelop detection and error correction circuits are discussed

together here.

A. Peak Detector

The schematic of the peak detector and the transfer characteristic are shown in
Figure 3.6 (a) and (b).

VDD

i
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Output level (mV)

A
Ly
(@]
§

0
001
002
00€
00t —
00G
009
004
008
006 —

0001

— Input level (mV)

(a) (b)

Figure 3.6 (@) Schematic (h) transfer characteristic of the peak detector

The peak level of the input.signal is sensed by the peak detector and a
corresponding output level is generated with a capacitor load to hold the value as the
input for the following stage of a differential amplifier, Amp.

The value of the capacitor load is determined by the following equation [10]

C=1"— (3.4)

Where AVo is the lowest voltage level which can be sensed by the following
differential amplifier, At is half the period of the slowest AC input signal and the

current | is determined under the power budget.
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B. Schmitt Trigger and Amplifiers
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Figure3.7 Thetransfer characteristic of the (a) differential amplifier

(b) and Schmitt trigger

Figure 3.7 shows the transfer characteristic of the differential amplifier of the
output level versus the peak level difference (desired signal minus interference).
Based on the transfer characteristic.of the differential amplifier, the Schmitt trigger in
the following stage is designed-with.two-trigger points of 0.6V and 1.2V that either
converts the signal to VDD/GND or helds thelast state for input difference larger or

less than + 3mV, respectively.

C. Sensitivity Issue
The IAS has a sensitivity issue. When the IAS has no input signal, theV, = Vg =
385 mV. From the Figure 3.7 (a), if the IAS wants to operate correctly, the |V|-V4|
should be great than 3 mV. With above analysis, the sensitivity value V|_sensitivity 1S 388
mV and this value could help to calculate the G, (Amp_l) and Gs (Amp_S) in next

topic.
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3.2.2 The Design Flow of the |AS
From the design flow of the 2.3 and the adaptive G, and Gs can be derived.

A. Adaptive Threshold S

S=-9(dB)
it meet the requirement discussed in 2.3 (S=-4dB ~-15 dB).

B. Senditivity Issues

1. WIMAX 64QAM-3/4 sensitivity level =-67.5dBm
Weensitivity = - 70 dBm with design margin 2.5 dB.

2. The lAS sensitivity V| _sensitiviy = 388 mV, it can be translated to lsensitivity = -59 dBm
with G, = 0.

G = Iszensitivity - (Wsensitivity's) =20 (dB!
C. Gain Difference

Gs=G —S—-Loss=20+9+1=30(dB)

From these result, the Amp_S and Amp | can be determined.

3.2.3 Amplifierswith CMFB (Amp_| & Amp_Y9)

From above discussion, Amp_| and Amp_S with gains of 30dB and 20dB are
used to enlarge the signal level to meet the sensitivity of the peak detection circuit.
They should also have wide output range to enlarge the sensed range of the IAS. In
addition, they must keep the output DC level constant to let the followed peak
detectors sense the peak amplitudes based on the same DC level from Amp_| and
Amp_S

For wide output range design consideration, a conventional differential pair with

active load that generates a single-ended output is herein chosen for its simplicity. To



keep the output DC level constant, a current steering common mode feedback circuit
is applied to overcome the process variation and small DC offset problems to improve

the signal accuracy. The circuit is showed in Figure 3.8.
Common-Mode Feedback

Differential Amplifier
Figure 3.8 The circuit design of the Ampl-and Amp2 with CMFB

Table 3.2 = Simulation-result of the circuits

Components Gain Power PM Fads
Amp_S 30dB 80uA/1.8V 75° 12MHz
Amp_| 20dB 80uA/1.8v 82° 32MHz

B fnet028; do i)

300 350 400 450 500 550
w (E-9)

(a) Without CMFB
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B fvout2; do i)

200 250 300 350 400 450 500 550 600
w (E-4)

(b) With CMFB
Figure3.9 The DC leve of the amplifiers’ output with different process variation

(The width size of the active load PMOS 250 nm ~ 600 nm)

From Figure 3.9 (a), the amplifier without CMFB has a varied DC output level
from 779.6mV to 993mV with-different width due te process variation. From Figure
3.9 (b), the amplifier with CMFB thas-a-varied DC output level from 894mV to
910.3mV with different width. Based on.a common mode dc 0.9V, the CMFB circuit
isreally effective to overcome the process variation.
3.2.45™-order Elliptic Filter

This LPF is used to filter out the adjacent interference. For the architecture of the
IAS, highly rejection performance is required because of the differentiability of the
desired signal and interference signal.

A 5™-order elliptic Gm-C LC ladder filter [11] is chosen for it’s highly rejection
ability of narrow transition band characteristic to filter the interference out. The filter
employs a passive ladder type to have high dynamic range. The Gm cells are
connected to gyrator with different values to reduce internal node peaking. The circuit

diagram is show in Figure 3.10.
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Figure3.10 The architecture of the 5™-order elliptic Gm-C LC ladder LPF

The Gm cell is composed of two mainly techniques.

A. 1 Linearity Technique:

The linearity technique can combine two skills in order to further improve its

linearity. Using cross-coupling and unbalance differential pairs together, then the gm

coreis called “Symmetric & Un=symmetric differential pairs” [12].
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Figure 3.11 shows the Gm cell by using symmetrical & unsymmetrical

differential pair with negative impedance. NMOS Ms&Mi1i, M2&Ms have

unsymmetrical aspect ratio n, and symmetrical pair M3&Ma makes gm as flat as

possible. The transistors and current have different ratios:

M1: M2: M3=M6:M5:M4=1n:p

The gm can be obtained [12]:

gmd = 4n n-1 I_
(n+D /n(n+1) VK
W

where nisaspect ratio, | isnormalized current, and k = % rrCoxT :

By choosing appropriate transistor ratio n, p, and d, the range of flat gm:

vid £

(n+1)\/I
n k

B. High Output |mpedanceTechniquefor Gm cell

VDD

[
T R
M1 M2 M3 M4
gol i
1 gol=gml-gm3
g2 | y

High lineartiy Gm block

||||-

Figure 3.12 Negative Impedance Load
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Considering the negative resistance load (NRL)[13] in Figure 3.12, M3 & M4
introduce local positive feedback between the output terminals m & n in Figure 3.11
which generate a negative resistance to compensate the parasitic output resistance of
the whole transconductance circuit. The negative impedance load can be combined
with the differential gm to increase their output impedance and design go1=-g,2, then
the output impedance is infinite (ideally). The advantage of NRL isthat it only needs
to bias at same current string, so it saves power.

The simulation results are showed as follows:

1. Gm-cell performance:

m1 m2
freq=10.00kHz freq=75.16MHz
dB(vout)=49.267| |-phase(vout)=-90 065

0.00014.
40— + 1 20 0.00012—
g) 20 = o 0.00010—]
=8 -
% o] i 8]’:; Gm 000008
@ | eo @ AfV 0000
~ 20 l 0.00004—]
0.00002—]
40— 80 =
] + 0 e
60 T . T T T I 100 08 08 04 02 00 02 04 08 08
1E4 1ES 1E6 1E7 1E8 1E9 1E10  1E11 Vid (V)

freq, Hz

Figure3.13 “(a) Gainand Phase (b) Flat gm

2. 5M-order LC ladder elliptic filter:

m1 m2
freq=10.00MHz freq=11.07MHz
dB(Vout)=-4.371] dB(Vout)=-23.496

IR

{m3 il e
7 freq=8.630MHz |
€07 [dB(Vout)=-1.697

(gp)uren
ey
7

—_ALAJA‘

I | I I I I
1E4 1E5 1E6 1E7 1E8 1E9 1E10 1E11

Freq (Hz)

Figure 3.14 Frequency response of the LPF

Overall DC current is 2.571mA with power supply voltage = 1.8V. From Figure

3.14, the LPF has highly rejection performance (~ -19 dB) from 10 MHz to 11 MHz.
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3.2.5 Summary

Table 3.3 Performance list of IAS

Components Gain power
AMP 1 30 dB 80uA/1.8V
AMP 2 20 dB 80uA/1.8V
AMP3 & 4 40uA/1.8V
PD*2 30uA/1.8V
2*1AS power =0.828 mW for 1Q-path

As shown in Table 3.3, the powef consumption is less than the RF receiver
front-end. On the other hand, RF receiver.front-end with |AS doesn’t consume more

extra power for detecting the interference level:

From the result of the system simulation discussed in Chapter 4, if the C/I sensed
is less or equal to -9dB, the high linearity mode of RF receiver front-end will be
activated by the mode selection circuit. Simulation results for C/lI smaller than -9 dB
with circuits saturated or not are demonstrated in Figure 3.15 (a) and (b), respectively;
which agree with Table 2.1. The simulation results show that the functions are

corrected worked for the proposed interference aware scheme. The settling time is

about 10us less than the channel coherence time (300us).
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Voltage (V)

Voltage (V)

--------- B

| —e— Carrier signal peak level [} .

ol —&— Interference peak level

—=— Schmitt trigger output
1 1 Il 1

| —e— Carrier signal peak level [
|| —&— Interference peak level | 1.l

i ; i i —=— Schmitt trigger output
0 ts) 10 15 20 25 20 35 40 45 50 -0.2 L I T T

i i i i i
. 0 5 10 15 20 25 30 35 40 45 50
Time {us) Time (us)
(a)

, : : : (b) :
Figure 3.15 Simulation results of correctly worked function for model selection as

(@) circuit saturated and (b) circuit not saturated

3.3Analysisof thel/Q Mismatch Dueto |AS

The quadrature RF receiver front-end has I-path and Q-path. Each path has an
IAS circuit and it is possible to detect different interference levels at each path. In
Figure 2.7, the mode selection uses the.NAND-gatefor | and Q paths to avoid the I-Q
mismatch issue. Any path that detects higher interference level will leads the RF
receiver front-end into high linearity mode.

An interesting question is, if the IAS | and IAS_Q detect different interference
channel levels, do the unbalanced 1/Q IAS conditions affect the quadrature receiver

and generate 1/Q mismatch issue?

Interference Aware Scheme

Mixer J J

LNA LPF I-Path Analog Output

LPF EI Q-Path Analog Output
Mixer

Interference Aware Scheme

Input

Figure3.16 1/Q-mismatch test platform.
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In Figure 3.16, assume the RF input signal and interference level are C-1 > -9 dB
or C-I < -9 dB and observe the analog outputs of the two types. The possible
I/Q-mismatch due to IAS can be observed by comparing the amplitude and phase of

the analog outputs.

: N

I-Path Analog Output
- Q-Path Analog Output

(Aw) ;IndinQ 3oeuy
T

1] 100 200 300 400 500

time, nsec

Figure 3.17 Simulation results at C-1 < -9 dB

From Figure 3.17, for C-l < -9 dB, the analog outputs exhibit the same amplitude and
guadrature phase; the situation is the same for C-1 > -9 dB. Hence, there is no 1/Q

mismatch due to | and Q path IASif they are matched.
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3.4 Voltage Offset Analysis

Amp_Sand Amp_I in the IAS have voltage offset (Vos) issue due to the process
variation which might cause that the signal from mixer cannot be amplified when the
Vos is great than the signal. In Figure 3.17, Mote Carlo simulation is performed to

estimate the V os and to observe whether thisV os affects the IAS serioudly.

T

o

Vout

Offset 1( ! )
Common Voltageé Current
1 I——O Bias

Figure 3.18 The simplified schematic with offset voltage

__A
s (DV,) ——\/\TV (3.8)
Lx[—
L
s (DW) = WA (3.9

L x\/W
L
Ayt and Ag are the mismatch parameters for process variation and Ayt = 2.2 mV
and Ag = 0.4 for 0.18 um CMOS technology. The Vs of the Amp_Sis equal to 2.1
mV and Vs of the Amp_| is equal to 2.3 mV in the range of three times sigma
estimation. The sensitivity of the 64-QAM 3/4 modulation signal is equa to -67.5

dBm and the power gain of the RF receiver front-end is equal to ~25 dB. We can
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know that the lowest amplitude of the mixer’s output is about 2.37 mV. According to
above results, the sensitivity of the IAS is affected slightly by voltage offset for the

sengitivity of the 64-QAM 3/4 modulation signal.

3.5 Power Efficiency Analysis

The power efficiency of the designed IAS is analyzed here to verify whether the
architecture is suitable for channel interference condition.

According to the power consumption of the circuits:
Py=28.1mW

PL=13.7mW

Pias = 0.828 mW

Pr = 20 mW (reference design power consumption)

x = the probability of higher intexferenceicondition (C-1 < S)

28.13x +13.7%1- x)+0.828 £ 20 (3.10)

_20- (137+0.828) _
28.1- 13.7

XE1l

.62 (3.1)

When the probability of higher interference condition is less than 0.62, the IAS

architecture is suggested to be adopted



Chapter 4

| mplementation and M easurement

In this chapter, these circuits including RF receiver front-end and IAS are
implemented with UMC 0.18um technology and these measurement results are

shown.

4.1 RF Receiver Front-End

4.1.1 Layout Consideration
RF circuit is very sensitiveto the parasitic effects. The signal path shall be

carefully arranged with following considerations.

1. The parasitic resistance should be avoided. The narrow path generates more
parasitic resistance, and thus they may seriously degrade the noise performance.

2. Thedistance between two paths or components should be larger to avoid mutual
inductance or parasitic capacitance.

3. Toavoid the coupling noise from noisy substrate, the top metal layer is used for
signal path.

No matter the chip or PCB layout, the above three points must be taken into

consideration.
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A. Chip Layout

The layout of RF receiver front-end is shown in Figure 4.1 and the photograph of
the chip with bonding wiresis shown in Figure 4.2.

Figure4.1 Thelayout view of RF receiver front-end

Figure4.2 The photograph of RF receiver front-end
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B. PCB Layout
In designing PCB layout, the characteristic impedance on RF signal path is

considered.
FR4 16mil

Dielectric Constant = 4.4
Loss Tangent = 0.01

Copper 0.50z ( 17um) “"cond2”

FR4 16mil
Dielectric Constant = 4.4
Loss Tangent = 0.01

Copper 10z

Figure4.3 Thelayer stack on PCB

87 a@QBho
°" e, 1L 1S wrt 5

(4.1)

Zy: characteristic impedance

w: the width of RF signal line = ; -
:-1!

t : the thickness of RF signal Ilne
h : the thickness of the medium under RF_SLgnaI Ime

L LA

er: the relative permittivity of the medium

From Figure 4.3 and Eq. (4.1), we can derive the proper width of RF signal path to get

the Zo = 50 ohm is determined and the designed PCB board is shown below.

Figure4.4 The PCB layout of RF receiver front-end
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4.1.2 M easurement
The measurement setting is shown in Figure 4.5. The measured results for DC

analysis, S-parameter, Power gain, I1P3, and NF are discussed.

Power Supply : VDD & Bias

T—.1 DC

UV sgsee
I

Sl l l l l l Spectrum and NF
L- = .' analyzer
i L=

Network : Sparameters 2 n!

- — 'E.
ESG : RF Signal
frjf'.-- b b NF, Gain, and IIP3
e

i iy —

ESG : LO Signal

4 HE
Figule 45 Meas
A. DC A Vo £

srement setting

Post-sim : square

Measurement : circle

0.0 —
n.na—:
% 0.0z —]
—~ 1
> ]
~ 0.01
000 ——
0.4
LNA
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(W) op|

003

0.06—

0.04 —

(W) 9p|

0.02—

0.00 L L LA i
0.4 06 .G 1.0 1.2 1.4 16

Buffer Vgs (V)

(©)
Figure4.6 Gate bias sweep of (a) LNA (b) Mixer (c) Output buffer

From the Figure 4.6, the measured dc currents of LNA and mixer are closed to
post-simulation but the measured dc currents of output buffer is less then

post-simulation due to process variation.
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B. S-parameter

DC bias vgs_LNA=0V DC bias vgs_LNA=09V
’ cor 2.61B180832 GHz
[ R=8.075Q "- [ R=12.670(
t | L 4 i
\ Measurement { /
@
2 m2
lreq=2.618GHz freq=2.618GHz
S(1,1)=0609 / -157 268 S(1,1)=0.484 /55,530
impedance = 12593 - j9.436 impedance = 55758 + j58.158
& m2
[ - : N
& ho @
Post-sim NS
\Q N
freq (2.000GHz to 3.000GHz) freq (2.000GHz to 3 000GHz)
(6)

Figure4.7 S11 (a) Measurement (b) Post-ssmulation (range: 2 GHz ~ 3GHz)

In the Figure 4.7, the measured S11’s Smith chart has different real part value

compared to post-simulation.

Zin=9M" | s+ (jw(Lg+Ls) + ) 4.2)
Cgs

jwCgs

The real part of the S11 is composed of gm, Cgs, and Ls shown in Eqg. 4.2. The
measured S11 can be fitted by post-smulation results with Smith chart to fine the

cause of the input matching variation.
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— DC bias vgs LNA=09V
And add a Cd = 300fF

fon=2.0076H
% - Wg.
4| RFOUT impedance = 13, +j1.310
Lg —”:
Off-chip ) i}
0o m
lcd
- Cgs

Ls
freq (2.000GHz to 3000GHz)
L Simulation

Figure4.8 Simplified LNA schematic and-fitted S11’s Smith chart

The measured Smith chart with LNA.gate bias equal to 0.9V can be fitted in
post-simulation with an additional capacitor Cd = 300fF as can be seen in Figure 4.8.

The Cd isresults form parasitic capacitance of ESD pad and PCB.

C. Power Gain
Measurement setting:
1. Sweep Frequency : 2.4 GHz ~ 2.7 GHz
2. DCcondition: Idc_LNA =6mA ; Idc_Mixer =4mA ; Idc_Buffer = 18 mA
3. LOpower =3.48dBm (fixed IF =10 MHZz)

4. RF power =-50 dBm
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w5 Agilent 21:08:51  Jul 13

Mkrl 16.88 MHz
Ref @ dBm Atten 18 dB —37.547 dBm
Samp
Log
18
dB/

O

LaAy
168
WL 82
53 FC
AA
g0
>50k
Swp

k]
O
Start 5.08 MHz Stop 15.98 MHz
#Res BH 10 kHz VBH 16 kHz Sweep 381.3 ms (601 pts)

Copyright 2000-2005 Agilent Technologies

ke v

Figure 4.9 Spectrum analyzer with BW resolution 10kHz and average time 100
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e
I

W—W

(gp) ureny 1omoqd
)

—
(&)}

Illrh‘\\\l‘l\l\

w}

10I\I\|I\I\‘I\I\‘I\\\‘I\\I‘\\\\
2.40 2.45 2.50 2.55 2.60 2.65 2.70

Frequency (GHz)

Figure4.10 Power gain with different frequency
Post-sim : square

Measurement : circle

In Figure 4.10, the gain reduction is observed compared to post-simulation.

According to above measurement results, the gain degradation is mainly affected by

the variation of input matching and output buffer’s DC current.

52



D. 1IP3
Measurement setting:
1. Sweep bias of the input gm stage in mixer: vgs Mixer =0.6 ~ 1.1V, step 0.05V
2. RFin=-41.5dBmat 2.6 GHz
3. RFin_delta=-41.5dBm at 2.61 GHz
4. LOIin=4.74dBm at 2.55 GHz
5. IFout : 50 MHz and 60 MHz

6. AIM3:40MHz and 70 MHz

o Agilent 13:58:16 Jul 13, 2833
Mkr2 4880 MHz|
Ref @ dBm Rtten 18 dB -92.806 dBm

. IF IF
8/ 50 MHz 60 MHz

LaAv
188
HL 5.

52 IM3 IM3
el 40 MHz 70 MHz
FTun

SHp 2

Start 3008 MHz Stop 50,88 HHz
wEes EH 10 kHz VEHW 18 kHz Sweep 1,906 5 (BB pts)

File Operation Status, A:\SCRENBOS.GIF file saved

Figure4.11 Spectrum analyzer for two-tone test

-5
-10 1 ¥
£ 7
g 1523
-20 ]
-25 N T T T T | T T T T | T T T T | T T T T | T T T T
0.6 0.7 0.8 0.9 1.0 1.1

Vgs Mixer (V)

Figure4.12 11P3 performance with different vgs of input gm stage
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From Figure 4.11, the IIP3 increases with raising Mixer gate bias voltage
(Vgs_Mixer) and this trend meet the discussion in chapter 3.1.

E. NF

M easurement setting:

3 Agilent 08:19:23 Jul 14, 2033 DuT
Corr Freg=IF

Amplifier
DUT Setup
DUT: DownConv ‘ UpConv
—DUT:—|D0wnConu

System Downconverter Off DownCony

Ext LO Frequency 260010080 GHz

Sideband LSB

Frequency Context IF

Analyzer Input

~Diagram:-|Measurement

@

oo ooo o R :

|n—|t:au.._.n—u—>—j
RF Start: 2.41882 GHz IF Start: 18 MH=z
RF Stop: 2.5981 GHz IF Stop: 198.88 MHz

L0: 2.6681 GH=z

File Operation Status. A:\SCRENOOS8.GIF file saved

(@
Frequency Noise Figure
10.00000 Mz 15.7647 dB
19.47789 MHz 14.6054 dB
28.95579 MHz 14.3133 dB
38.43368 MHz 14.5296 dB
47.91158 MHz 14.8202 dB
57.38947 MHz 14.9105 dB
66.86737 MHz 14.8567 dB
76.34526 MHz 14.7494 dB
85.82316 MHz 14.7579 dB
95.30105 MHz 14.7955 dB
104.77895 MHz 14.7365 dB
114.25684 MHz 14.3200 dB
123.73474 MHz 13.7796 dB

(b)

Figure4.13 (a) NF analyzer (b) Measured result (LSB) with different IF

Because of the gain degradation, the measured NF performance is aso higher

than post-simulation result. (about 5.6 dB with LSB mode)



4.1.3 Summary

Table4.1 Comparison table

parameters [14] [15] [16] i?;:; Fi:: r?ﬁgaﬁ_ n’;:?:—

technology CMOS | 45 | 18 | o013 | o018 | 018 | 018 0.18
[um]

conversion gain [dB] 214 30 24.2 25.24 25.7 13.8 13.3
NF [dB] 13.9 7.3 4.2 2.6 2.56 113 11.8

IIP3 [dBm] -18 -8 =2 -7.77 -15.5 -9.8 -12.9
power [mW] 6.5 6.3 12 28.1 13.7 32.4 19.8
architecture Low-IF DCR DCR DCR DCR DCR DCR
frequency [GHz] 2.4 2.4 4,15 2.6 2.6 2.6 2.6

FOM 11.55 37.6 39.29 33.92 29.79 1.044 -0.717

*DCR : direct conversion

A figure of merit (FOM) which normalizes dynamic range to power dissipation is

employed to compare the performance of the front-end circuits.

Table 4.1 summarizes the measurement and post-simulation results. Because of the

FOM ; :1OIogg

adlR,(mW)” Gain o

(NF - 1)" power g

(4.3)

gain degradation, the FOM is obviously different value between post-simulation and

measurement.
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4.2 | nterference Aware Scheme

In this chapter, these circuits of the IAS are implemented with UMC CMOS
0.18um technology. M easurement results are also shown here.
4.2.1 Layout Consideration
The circuits of the IAS deal with the analog signal (frequency is lower than 100
MHZz), so the characteristic impedance is less important than RF signal line. For
analog signal, the device layout symmetry is the main consideration.
A. Chip Layout

In Fig 4.14, the layout of two IASs for | and Q path include the LPFs are

illustrated.
V_ESD vb GND VDD Vref C1a C2a
Vp1 Out1p
Vn1 Out1n
Vecom?2 Vecom1
Vn2 Out2n
vp2 out2p

GND VDD GND Digit BIAS C1b C2b

Figure4.14 Layout view of the IAS with two paths (1 and Q)
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1. VpandVn: theinput of LPF

2. Outp and Outn : the output of LPF

3. C1(ab) and C2 (a/b) : the two paths’ output of peak detectors
4. Digit: digital output

5. Vcom : the reference voltage of CMFB

Figure 4.W?ograph of the IAS

B. PCB Layout o ‘ ’*5’? :

Figure4.16 The PCB layout of IAS with two paths
4.2.2 M easurement
In Figure 4.17, the IAS measurement setting uses ESG to generate the carrier
signal and interference. The instrument setup is employed to the output DC voltages

of peak detector, LPFs, and digital.
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Power Supply : VDD & Bias

-_:1

1 EN ssees

ESG : RF Signal

<13 % Y

_:'_ 'é

Figure4.17 ThelAS measurement setting

A. DC
The dc voltage is measured with no input signal stimulating.
1. Post-simulation Idc_IAS (1-Q path) = 5.267 mA (include two LPFs)

Measurement Idc_IAS (1-Q path) ~ 8 mA
2. The output dc voltages of pesk detéctorsi®s;,

|
| o
.Ill

Post-simulation: ' ElEN
VaandVe=038mv = -
M easurement: k _ y 3
Ve ~035mV ; Ve~085mv.
3. Theoutput DC voltages of LPF:

Post-simulation:

Voup = Voun =09V

M easurement:

Voup~112V ; Voun~1.43V
5. Vcom could be changed to adjust the peak voltage (Vs and V) in circuit design

but it doesn’t work in this implementation.

According to above measured results, the IAS suffers from mismatch due to process

variation.
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B. Two-Tone Test
Two ESG instruments are used to generate the carrier signal and interference
signal.
M easurement setting:
1. Sweep theinterference power : -30 dBm to 15 dBm (fixed frequency 20MHz)

2. fixed carrier signa power : -30 dBm (fixed frequency 5 MHz)

Post-simulation: when interference power > -21 dBm, the digital out is equal to VDD.

Measurement: the digital out is always equal to VDD in the sweep range.

The implemented |AS doesn’t work correctly because of the variation of DC bias

points.
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Chapter 5
Conclusions

5.1 Summary

An interference aware scheme composed of four building blocks including signal
distinction, envelope detection, error correction and mode selection is proposed and
designed.

A CMOS RF receiver front-end with dual linearity modes including LNA and
mixer for WIMAX standard isimplemented in a 0.18um CMOS tech. At high linearity
mode it has IIP3 of -9.8 dBm and consumes 32.4mW,; at low linearity mode it has
[1P3 of -12.9 dBm and consumes 19.8 mW. The power gain is about 14 dB and NF is
about 11 dB for dual modes.

By combining with the preposed-interference aware scheme and dual-mode RF
receiver front-end, the operation mede of the receiver front-end can be automatically
selected according to the interference condition by the low-power IAS and 5.5dB

improvement of system interference tolerance is achieved from co-simulation results.

5.2 FutureWorks

5.2.1 Fully Integrated Chip

In this thesis, the IAS and RF front-end are implemented separately. But fully
integration of RF receiver front-end and IAS has the cost benefit for realistic
implementation. The DC offset must be taken into consideration for combining these
two blocks because it can corrupt the signal and, more importantly, saturate the

following stages, such as IAS and LPF. DC offset cancellation (DCOC) technique [17]
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can be employed to compensate the DC offset due to direct conversion architecture.

=

Figure5.1 DC offset cancel block
In Figure 5.1, the DC offset cancel block consists of passive LPF, a transconductance

amplifier, and a current amplifier.

= Transconductance amplifier

vinp

O—h—
wWinm

lofiset

loffset2
=A12-122)

Current amplifier

Figure 5.2. DC offset cancd circuit (DCOC)
The operation of this DCOC circuit in Figure 5.2 is as follows. First, DC offset
voltage detected by passive LPF is amplified and is converted to the differential
currents (111, 112, 121, and 122) by the transconductance amplifier. Then, these

differential currents flow into the single-ended differential current amplifiers where
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the differential components are amplified and the common currents are subtracted
with perfect matching of the input pairs. Therefore, only DC offset component is

extracted and is used for DC offset correction.

5.2.2 Dynamic Range of the lAS

The sensitivity of the designed IAS in this thesis focus on carrier signal that is
equal to -67.5 dBm witch is the sensitivity of 64QAM-3/4 modulation in WiMAX
system. For the lowest order modulation such as BPSK-1/2, the designed IAS cannot
detect the sensitivity level (-96.7 dBm) of the BPSK-1/2 due to the two amplifiers
(Amp_Sand Amp_I) in signal distinction. For the lowest sensitivity level (BPSK-1/2),
these two amplifiers need higher gain to make IAS work correctly. On the contrary,
for the highest sensitivity level (64QAM-3/4), lower gain amplifiers are need. Here,

we propose a modify 1AS to overcome this issue.

| > Schmitt
\% iy Trigger
| Ls gger| | | Mode
Amp Switch
| VHS - SChmlttJ
I ; Trigger
L

— —— —— — — — — — — —] — — — — — —

I I
| | > Schmitt | | |
| : Trigger | | |
=10 Dt |

: - I_ Peak Schmitt I : M

Detector . ode
| > Trigger [ [ | |Selection
I Peak | | Amp y ‘
| Detector I | Bias
| I | | Generator
| Peak Detection | |

Y

RF receiver front-end

Figure5.3 Modified IAS



In Figure 5.3, the modified IAS has a block called “Gain Switch”. When carrier signal
isn’t detected by IAS, the gain switch can change the gain of Amp_S and Amp_I to
high gain mode. On the contrary, when carrier signal is higher enough, the gain switch
can change the gain of Amp_S and Amp_1I to low gain mode. Using the gain switch

can increase the dynamic range of the IAS.

V's maximum (AmMp_Sisat saturation) > Vrer > Vyitch
(These values are closed to each others.)

(Vi isdightly more than V's minimum)

1. Highest sensitivity mode &-L owest sensitivity. mode
At initial condition, the IAS is in'low.gain-mode. \When carrier path peak level isless
than V|, the IAS can be changed to high gain mode by gain switch and detects the

lowest sensitivity signal.

2. Lowest sensitivity mode € Highest sensitivity mode
At initial condition, the IAS is in high gain mode. When carrier path peak level is

more than V sitch, the IAS can be changed to low gain mode.

For advanced discussion, the lower sensitivity of some type modulation signal such as

BPSK-1/2 (-96.7 dBm), the Vs of the modified IAS should lower than 89 uV at the

lowest sensitivity mode.

63



Bibliography

[1] Namsoo Kim, V. Aparin, K. Barnett, and C. Persico, “A cellular-band CDMA
0.25-/spl mu/m CMOS LNA linearized using active post-distortion,” 1EEE J.
Solid-State Circuits, vol. 41, pp. 1530-1534, July  2006.

[2] Yongwang Ding and R. Harjani, “A +18 dBm [IP3 LNA in 0.35 um CMOS,”
Solid-State Circuits Conference, 2001. In Proc. IEEE International Solid-State
Circuits Conf., pp. 162-163, Feb. 2001.

[3] T. Tikka, J. Ryynanen, M. Hotti and K. Halonen, “Design of a high linearity
mixer for direct-conversion base-station receiver,” In Proc. IEEE International
Symp. on Circuits and Systems Conf., May 2006.

[4] B.Kim,J. S. Ko, and K. Lee, “A New Linearization Technique for MOSFET RF
Amplifier Using Multiple Gated Transistors”, |IEEE Microwave and Guided
Wave Letters, Vol. 10, No. 9, pp. 371-373, Sept 2000.

[5] |EEE, IEEE Sandard 802.16-2004, Oct 2004.

[6] |EEE, IEEE Sandard 802.16e:2005, Feb2006.

[7] V. Aparin, G Brown and.L. E. Larson, . ‘Linearization of CMOS LNA’s via
Optimum Gate Biasing”, IEEE International Circuit System Symp., Vol. 4, pp.

[8] M.Krcmar, S. Spiegel, £ Ellinger, and G ‘Boeck, "A Broadband Folded
Gilbert-Cell CMOS Mixer? Electronics, Circuits and Systems, ICECS. 14th
|EEE International Conferenceon11=14 Page(s):820 — 824,Dec. 2007 .

[9] J. Goo, H. Ahn, D. J. Ladwig, Z. Yu, T. H. Lee, and R.W. Dutton, “A Noise
Optimization Technique for Integrated Low-Noise Amplifiers”’, IEEE JSSC, Vol.
37, No. 8, pp. 994-1002, Aug 2002

[10] R.G Meyer, “Low-power monolithic RF peak detector analysis,” IEEE J.
Solid-State Circuits, vol. 30, pp. 65-67, Jan. 1995.

[11] Jun-Hong Weng and Yang Ching-Yuan, “An Active Gm-C Filter Using a Linear
Transconductance,” In Proc. IEEE Conf. on Electron Devices and Solid-State
Circuits, pp. 909-912, Dec. 2007.

[12] Slawomir Koziel and Stanislaw Szczepanski, “Design of Highly Linear
Tunable CMOS OTA for Continuous-Time Filters,” IEEE Transactions on
circuits and systems, vol. 49, no.2, pp. 110-122, February 2002

[13] Stanislaw Szczepanski, Jacek Jakusz, and Rolf Schaumann “A linear fully
balanced CMOS OTA for VHF filtering applications ,” IEEE Transactions on
circuits and systems ,vol. 44, no. 3, pp. 174-187, March 1997.

[14] F. Beffa, R. Vogt, W. Bachtold, E. Zellweger, and U. Lott, “A 6.5-mW receiver
front-end for Bluetooth in 0.18 m CMOS,” in IEEE MTT-S Int. Microw. Symp.



vol. 1, pp. 501-504Dig, Jun. 2002.

[15] T.-K. Nguyen, V. Lee Krizhanovskii, J. Han, S.-K. Lee, S.-G. Kim, N.-S. Pyo,
and C.-S. “ A Low-Power RF Direct-Conversion Receiver/Transmitter for
2.4-GHz-Band |IEEE 802.15.4 Standard in 0.18-m CMOS Technology” IEEE
TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES,
VOL.54, NO. 12, DEC. 2006

[16] A. Liscidini, C. Ghezzi, E. Depaoli, G. Albasini, I. Bietti, and R. Castello,
"Common Gate Transformer Feedback LNA in a High 11P3 Current Mode RF
CMOS Front-End" Conference 2006, |IEEE Custom Integrated Circuits 10-13
Page(s):25 — 28, Sept. 2006.

[17] Y. Furuta, T. Heima, H. Sato and T. Shimizu,” A Low Flicker-Noise Direct
Conversion Mixer in 0. 13 um CMOS with Dual-Mode DC offset Cancellation
Circuits” Silicon Monalithic Integrated Circuitsin RF Systems, 2007 Topical
Meeting on 10-12 Jan. 2007 Page(s):265 — 268

4 p :?\[z,\“a],:_l._:_’ﬁ_l_g_:_l_ir

SR E AT F I /FY THRLIT 2006/09~2008/06
IR S 1 2002/09~2006/06
IR 2 A 4 1999/09~2002/06

v AP An Interference Aware RF Receiver Front-End Design
for WiMAX Applications

£ F R 22 WIMAX S o 8 45T B3k 3t
WA
Chia-Hsin Lin, Wen-ShenWuen, Kuei-Ann Wen, “An Interference Aware RF Receiver
Front-End Design for WiMAX Application” EuUMW 2008.

65



