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Abgract : A 2 4GHz CMOS monolithic transceiver front-end for IEEE 802 11b wireless LAN applicationsis pres
ented. The receiver and transmitter are both of superheterodyne structure for good system performance. The front-

end consists of five blocks:low noise amplifier ,down-converter ,up-converter ,pre-amplifier ,and L O buffer. Their in-

put/ output impedance are all on-chip matched to 50Q except the down-converter which has open-drain outputs. The
transceiver RF front-end has been implemented in a 0. 181 m CMOS process. When the L NA and the down-converter
are directly connected ,the measured noise figure is 5 2dB ,the measured available power gain 12 5dB ,the input 1dB

compresson point - 18dBm ,and the third-order input intercept point - 7dBm. The receiver front-end draws 13 6mA

currentsfrom the 1. 8V power supply. When the up-converter and pre-amplifier are directly connected ,the measured

noise figure is 12 4dB ,the power gain is 23 8dB ,the output 1dB compresson point is 1 5dBm ,and the third-order

output intercept point is 16dBm. The transmitter consumes 27. 6mA current from the 1 8V power supply.
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1 Introduction

Many novel telecommunication applications
have recently emerged in the consumer market.
One example is wireless local area networks
(WLAN’ s) inthe 2 4GHz range ,which can poten-
tially serve as high-speed links with 1 to 55 Mbits
data rates for office buildings,hospitals,factories,
etc. IEEE 802 11b standard is the most prevalent
due to its flexibility and reconfigurability in the
2 4GHz WL AN. The standard is not very stringent
and can be realized in various integrated circuit
(1C) processes” . Although many mature products
have emergedin thisfield ,they are all implemented
by a S Ge process. This makes the cost high,and
more importantly ,the products can not beintegrat-
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ed with the base-band digital processor to imple
ment a dngle chip transceiver. Snce the cost is the
only obstacle for WLAN transceiver to propagate
in the market ,the CMOS process must be used for
the final sngle chip transceiver.

This paper presents a 2 4GHz transceiver
front-end in CMOS process for |[EEE 802 11b
WLAN applications. Four crucial blocks (LNA ,
down-converter , up-converter , and pre-amplifier)
are all discussed. The measured results are given to
show that the integrated transceiver in CMOS
processisfeasblefor IEEE 802 11b WL AN appli-
cations.

2 Design implementations

The transceiver usesthe traditional superhete-
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rodyne structure for good system performance! .
Figure 1 shows its front-end block diagram. The
transceiver condsts of LNA , down-converter , up-
converter ,preamplifier ,L O buffer ,and two off-chip
SAW filters. Their input/ output impedance are all
on-chip matched to 50Q except the down-converter
which has opernrdrain outputs. The LNA is to anr
plify the weak signal while introducing little noise.
It has high/low gain modes to adapt the signa
strength change. Snce the |[EEE 802 11b only re-
quires the noise figure of a receiver less than
8 6dB' it is not difficult to implement in CMOS
process. In addition,the LNA is not required to
have very low noise at the expense of low linearity ,

low integrity ,and worse impedance matching, So
the attention is placed in the on-chip impedance
matching and high linearity with reasonable power
consumption instead of low noise. The down-con-
verter isto convert the 2 4GHz signal to an IF sg-
nal and the up-converter convertsthe IF sgnal to a
2 4GHz RF signal. The mixed products are filtered
by the SAW filters and the pure needed signal is
processed further. The preamplifier is to amplify
the converted RF signal from the up-converter and
can be used as the driver stage of the off-chip pow-
er amplifier (PA). The LO buffers are also inte-
grated with the converters to relax the require-
ments on the external V CO.

[o]

=]
SAW filter

LNA
ot >
Lo |
: LO-buffer .
RFOUT ! ~d i/lF_?N
. Er.e;alnpllfl-e[ ----------------- Up—converter . : -
SAW filter

-

Fig.1 Block diagram of the 2.4GHz WL AN transceiver front-end

2.1 LNA

The LNA schematic is shown in Fig.2. EN is
the gain mode selection signal to select the LNA
gain. If EN is set to ground,the LNA works in
high gain mode. Otherwise ,if EN is set to Voo ,the
LNA worksinlow gain mode which is used in case
of strong input sgnals. The performance is opti-
mized for high gain mode snceit isthe most used.

In high mode ,the LNA is a two-stage struc

ture. The input stage is an inductively degenerated
common- source common-gate cascode configuration
with L C tuned load. The transstor M1 has an o-
verall effect on the noise performance of the LNA.
Its size and hias condition must be optimized under
limited power consumption. According to Ref.[3],
the width of the optimum device should satisfy the
following formula:

3,1 1
2 WL Cox RSQSP 3oL Cox Rs

Wopt P =
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Fg.2 Schematic of the low noise amplifier

whereW is the operation frequency ,L is the device
minimum channel length the process allowed ,Rs is
the source impedance (for most cases) , Cox iS the
capacitance per unit area,and Qg is a function of
Cys (gate- source capacitance) .

The input impedance matching circuit utilizes
three on-chip spiral inductors,and the quality fac
tor of the degenerated inductor is approximately 9
at 2 4GHz ,but the quality factor of the seriesin
ductor Lg is approximately 6. The low quality fac
tor inductors limit the noise performance of LNA.
If the lossof Ly could be represented by the series
resstors R, R=wlLy/ Q= 182 ,only the loss would
contribute NF by 1 35dB. In practice,the loss of
the inductors limits the noise performance of
L NA.

Snce only limited discrete inductor model s are
gotten ,two same inductors are shunted to get the
expected source-degenerated inductance. This will
induce some additional noise since the low quality
factor inductor produces noise. The parallel induc-
tors will be replaced by only one inductor after ob-
taining the accurate inductor model with expected

inductance from which it can be expected that the
L NA performance would be improved further.

Cx is an on-chip capacitor that improves the
L NA linearity. The cascode trandstor M2 is used
to suppress the paradtic influence of the Miller ca
pacitance of M1 and to increase reverse isolation.
The biasis sSmply set to Vpower Snce M2 has little
effect on the LNA performance. The bias of M1is
provided by aresstor divider network in which the
resstance is large enough to reduce the thermal
noi se.

The output stage is a shunt feedback trans m-
pedance amplifier (resistors R, , Ro ,and trans stor
Mo) . This is the most commonly used method to
realize the broadband output impedance matching
while keeping high output linearity" 7
gain of the shunt feedback trans mpedance ampli-

. The loop

fieris
_V _R - dmRR
Av = T/cll:l = R + R
where gm is the transconductance of the trans stor
MO, R is the parallel combination of the output
impedance of MO ,the resstance R ,and the input
impedance of the off-chip next stage.
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The input impedance of the trans mpedance
amplifier is

_ R
1- Av

If we assume the transconductance of the in-

R

put stageis Gn and the inductor L4 resonates with
the node capacitance at 2 4GHz ,the overall gain of
the LNA will be Gn(Rn
the parastic shunt resstance of the inductor L.
The output impedance of the LNA is
+ R

Rouwt = ]_Rim: Ro

where 1o is the output impedance of MO. Rux must

R,) Av, where R, is

lo

be adjusted to 502 for output i mpedance matching.

G isanonchip ACcoupled capacitance to i 0-
late the bias of MO from the input stage. And the
bias of MO could be adjusted by the resstance Ro.

In low gain mode,the LNA is only a switch
and introduces some loss to the strong input RF
signals. All DC paths are completely cut-off to low-
er the power consumptioninlow gain mode. Thisis
smilar to Refs. [6,7].

2.2 Down-converter

The down-converter isthe last stagein the re-
ceiver front-end. As Reference[ 8] shows,the last
stage in the chain tends to contribute the most to
the distortion and it is important to end the chain
with a block with high linearity. So the down-con-
verter should have high linearity. Moreover , input
impedance matching and low noise figure are re
quired. S0 the class AB single-ended input double
balanced mixer is used. The mixer is derived from
the BJT Micromixer'® and was first proposed by
Orasatti and Huang!®”'. But in the original form,
the bias is provided by the off-chip voltage
source'®”! . Here the on-chip biasis used to improve
the symmetry of the mixer as the following discus
son.

The schematic of the down-converter is shown
in Fig.3. The gnof M2is set to 20mSto realize the
wide-band input impedance matching. To maintain
the symmetry ,the M3 must work in the same state

asthe M2. The loop consisting of M1,M2,MN1,
and MN2 could realize the function. Assume that
the szesof M1 and M2 ,MN1 and MN2 are respec-
tively the same ,the gate-source voltage of M3 will
be equal to the gate-source M2 according to trans
This will make M2 and M3
work in the same state and the symmetry is im-

linear principle™® .

proved compared to the off-chip bias. G and C: are
the filtered capacitors to reduce the noise induced
by the bias circuit. L1 and L2 are off-chip choke in-
ductors to provide the DC current for the mixer
core. The off-chip converter conssts of a L C matc
hing network and differential-single end converter.
The on-chip LO buffer is for enhancing the LO
driving ability and to reduce the converson loss of
the switch pairs M4 M7. The size of the M4 M7
isoptimized for the best noise performance.

1
1
i
]
]
Off-chip i
converter H

]

MP

LO buffer

=

Fig.3 Schematic of the down-converter
2.3 Up-converter

The up-converter is the first stage of the
transmitter front-end. The requirement for the
noi se figure and linearity is loose compared to that
of the down-converter. But the on-chip input/out-
put impedance matching should be realized to re-
duce the cost of the transmitter system. The pres
ented up-converter is the Glbert cell multiplier™
with on-chip input-output impedance matching.

Figure 4 shows its schematic.
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Fig.4 Schematic of the up-converter

The input stage is a common-gate configura
tion in which the gn of M2 and M4 are set to
20mS. The configuration has the advantage that the
input impedance matching is realized without any
off-chip components. Its biasis provided by the on-
chip bias network (MP,MN1,and MN2). G and
G are the filtering capacitors to reduce the noise
induced by the bias network.

Theinput |F voltage sgnal s are converted into
current sgnals by the input stage. Then the fre-
quency trandation is performed by the commuta
ting switched M5 M8. Snce the converson gainis
the conversion transconductance multiplied by the
load ,the load must be large enough to attain a
large converson gain which is necessary to com-
press the noise contributionfrom thefollowing star
ges. Here we utilize the on-chip L C tuned tank as
the load of the converter.

The source follower is added to realize the on-
chip 502 output impedance matching.

Snce the sze of the commutating switches has
a sgnificant effect on the performance of the con-
verter ,the optimization must be performed. The fi-
nal switch szes are 13 m x0. 1§ m.

2.4 Preamplifier

The preamplifier drives the off-chip power am-

plifier (PA) ,and its output power must be higher
than 1dBm. Snce the efficiency is not as critical as
the PA the classA preamplifier with input/output

matching is suitable'®"!

. The schematic is shownin
Fig.5. Thisis a two-stage class A implementation.
Theinput stage and its bias network are smilar to
the LNA. As References[6, 7] show, the M1
should work in overdrive state due to the relatively
high input level. The cascode transmitter has been
cutoff to ensure that M1 stays in saturation. The
on-chip L C resonator is used to improve the availa
ble power gain. The source degeneration inductor is
provided by the bondwire snce the inductance is
only 1.6nH. The shunt capacitance is chosen rela
tively large to improve the linearity of the first
stage and to maintain the source degeneration in-
ductance feas hility.

To

]
Bondwire
GND

Fig.5 Schematic of the preamplifier

The output stageis atrans mpedance amplifier
with aL C resonator which is proposed by Huang,
Orsatti ,and Piazzal®”'. The Roisrelatively small to
enhance the drive capability of the output stage.
Snce the small Ry makes the high gain very diffi-
cult to achieve,the ornrchip L C resonator is insert-
ed. It resonates at 2 4GHz and provides high load
impedance. Same as the LNA ,the output transm-
pedance amplifier is self-biased and has an output
impedance of 52 .



1736 26
14
a2k T NF
3 Results [ --Gain
40
The transceiver front-end has been implemen- - o
[oe]
tedin 0 18 m CMOS process to verify the per- 2 38F 412 E
formance. Figure 6 shows its microphotograph ,the “ 16k ©
die sze is 3 4mm’ ,most of which is occupied by
on-chip spiral inductors. The die shape is not the 34r
standard rectangle since the whole die includes aol v L g
o200 21 22 23 24 25

many other projects.

Fig.6 Microphotograph of the transceiver front-end

The bare die is directly bonded on a printed
circuit board with needed external components
mounted on it to measure the circuit performance.
The measurements have been performed on the in-
dividual blocks as well as the complete receiver/
transmitter front-end. The SMA connectors, ca
bles,and PCB introduce extraloss. The results giv-
en below are calibrated to eliminate their effects.

Figure 7 shows the measured gain and noise
figure of the LNA in high gain mode using Agilent
N8973A NFA series noise figure anayzer. When
operating frequency is 2 40GHz ,the power gainis
12dB with a noise figure 4 0dB. At a frequency of
2 25GHz the power gain is 12 9dB with a noise
figure 3 5dB. Figure 7 shows the resonant frequen-
cy point has some departure from the right fre-
quency range. The reasonis that the on-chip induc-
tor model is not very accurate and the couple be
tween the circuit and the substrate at the 2 4GHz
frequency rangeis strong.

The measured Suu and Sz of the LNA in high
gain mode in the frequency range are better than
- 10dB , - 11dB ,respectively. So the LNA has good

Frequency/GHz

Fg.7 Gan and noise figure of the LNA in high gain
mode measured

input/ output impedance matching. In the high gain
mode ,the measured input 1dB compresson point
(ICP) is - 13dBm and the thirdrorder input inter-
cept point (11P3) is - 2dBm. The LNA in high gain
mode draws a 7. 94mA current from a 1 8V power
supply.

The measured Su of the down-converter is
- 16dB ,the conversion gainis 1 5dB (in the reso-
nating frequency of the IF L C matching circuit) ,
the noisefigureis 12 2dB. The down-converter has
a high linearity ,the measured 11P3 is 4dBm,and
theinput ICPis - 1L 5dBm. It draws 5 64mA cur-
rent from a 1. 8V power supply. It must be pointed
out that all the measurements are done with 50X
measurement instruments. If it applies to the sys
tem the load will be 200 . This will make the con-
version gain improve 6dB.

Figure 8 shows the measured noise figure and
the gain when the LNA and the down-converter are
directly connected. The noise figure of the receiver
is5 20dB and the gainis 12 5dB at the frequency
point 2 45GHz. Same as the down-converter , all
the measurements are done with 5 measurement
instruments. If it appliesto the system the load will
be 2002 . This will make the conversion gain im-
prove 6dB.

Two in-band signal s are applied to the receiver
at 2 420 and 2 425GHz to measure the IIP3. The
measured I1P3 is shown in Fig. 9. The IIP3 is
- 7dBm. The measured ICP are - 18dBm.
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Fig.9 [1IP3of the receiver measured

The measured parameters of the implemented
LNA’ s downrconverter and receiver front-end are
summarized in Table 1. The smulated results are
als displayed in the same figure. Differences be-
tween the two are due to inaccurate mode , the
bondwire parasitic inductors,and the PCB loss.

The measured S parameter of the preamplifi-
er isshownin Fig.10. The power gainis 18 8dB at
ICP is
shown in Fig. 11. The ICP is approximately
- 15dBm ,which corresponds to + 2 3dBm OCP.
S the preamplifier could deliver 1. 7mW power to

the frequency 2 45GHz. The measured

the 5 load. The measured third-order output in-
tercept point (OIP3) is 12 3dBm. The preamplifier
draws 20. 2mA current from the 1 8V power sup-

ply.

Table1 Summary of the measured receiver performance

Measured Smulated
Gain (502 load) results results
Receiver 12. 7dB (max)
NF(50) 5. 23cB (max)
front-end ICcP - 18Bm
11P3 - 7dBm
Power oons. 13.6mA x1.8V
Gain High gain 120B (2. 4GHz) 18dB
Low gain - 11.5dB
NF High gain 4.0dB (2.4GH2) 2.00B
(500) Low gain 11.6dB
LNA ICP(High gain) - 13dBm - 19.5dBm
11P3 (High gain) - 2dBm - 8.8dBm
Su1 (High gain) < - 10dB - 36d8
Sp2 (High gain) < - 11dB - 14.7dB
Power High gain 7.9mA x1.8V _|11.8mA x1.8V
cons. Low gain 0
Conversion gain (50 load) 1.5d8 2.2dB
NFE(53) 12.2dB 10. 8dB
DowrrConverter ICP - 1.5dBm - 4.3dBm
11P3 2dBm 4.5dBm
Su - 16dB - 16.3dB
Power cons. 5.7mA x1.8V |6.5mA x1.8V
CH1 Sy LOG 10 dB/ REF 0 dB 1: 18.803 dB
MARK 1
450300001 _QHz
et [

START 1 000. 000 000 MHz

STOP 4 000.000 000MHz

Fg.10 Sz parameter of the preamplifier measured

|
[3S]

P, /dBm
RS

.
o &

-12

Fg.11

-3lZ -30 -28 -26 -24 -22 -20 -18 -16 -14 -12
P,/dBm

ICP of the preamplifier measured
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The measured converson gain of the up-con-
verter is 3 9dB with a noise figure 12dB. The
measured 1IP3 is - 5 8dBm and the ICP is
- 12 5dBm. It draws 7. 4mA current from a 1 8V
power supply. The input/ output impedance of the
up-converter are on-chip matched to 502 without
any external components,and the measured Su and
S» parameters are 11 8, 11 9dB, respectively.
When the up-converter and the preamplifier are di-
rectly connected ,the measured noise figure and the
gain are 12 4,23 8dB ,respectively. The measured
OCPis +1 5dBm and the OIP3 is + 16dBm. The
transmitter consumes 27. 6mA current with a1 8V
power supply. Table 2 summaries the performance
of the transmitter front-end. The smulated results
are also shown in the same figure,and the differ-
ences are due to inaccurate model ,the bondwire
parasitic inductors,and the PCB loss.

Table 2 Summary of the measured transmitter per-
formance
Measured Smulated
Output power (ICP) results results
Transmitter 1.5d8m
Gan 23.8dB
front-end Noise figure 12.4dB
Ool1P3 16dBm
Power cons. 27.6mA x1.8V
Output power (ICP) 2.3dBm 2.4d8Bm
Gain 18.8dB 19.8dB
Preamplifier Noise figure 2.8dB 1.4dB
OIP3 12.3dBm 12dBm
Power cons. 20.2mA x1.8V | 26.8mA x 1.8V
CGonverson gain 3.9B 8.8dB
Noise figure 12dB 9.2dB
ICP - 12.5dBm
Up-converter 11P3 - 5.8dBm - 7.4Bm
S11 - 11.8dB - 23.7dB
S22 - 11.9dB - 20dB
Power cons. 7.4mA x1.8V ]10.1mA x1.8V

4 Conclusion

This paper presents a 2 4GHz CMOS mono-
lithic transceiver front-end for IEEE 802 11b wire-
less LAN applications. The front-end includes five

crucial blocks: LNA , down-converter , up-convert-
er preamplifier ,and L O buffer. Their input/output
impedance are all on-chip matched to 5K except
the down-converter which has open-drain outputs.
The circuits have been implemented in 0 18 m
CMOS process. The measured results show that
the deep sub-micrometer CMOS is capable of pro-
viding the performance required by IEEE 802 11b
WL AN standards. Moreover ,the power consump-
tion of the transceiver islow compared to other im-
plementations as the receiver front-end consumes
13 6mA current and the transmitter front-end con-
sumes 27. 6mA current with a 1 8V power supply.
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