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Abstract: A low noise, high conversion gain down-conversion
mixer for WLAN 802. 11a applications, which adopts the high
intermediate frequency (IF) topology, is presented. The input
radio frequency (RF)band, local oscillator( LO) frequency band
and output IF are 5.15 to 5.35, 4.15 to 4.35 and 1 GHz,
respectively. Source resistive degeneration technique and pseudo-
differential Gilbert topology are used to achieve high linearity,
and, current bleeding technique and LC resonant loads are used
to acquire a low noise figure. In addition, the mixer adopts a
common-source transistor pair cross-stacked with a source follow
pair( CSSF) circuit as an output buffer to enhance the mixer’s
conversion gain but not deteriorate the other performances. The
mixer is implemented in 0. 18 wm RF CMOS ( complementary
metal oxide semiconductor transistor) technology and the chip
area of the mixer including all bonding pads is 580 pum x 1 185
pm. The measured results show that under a 1.8 V supply, the
conversion gain is 10. 1 dB; the input 1 dB compression point
and the input-referred third-order intercept point are — 3.5 and
5.3 dBm, respectively; the single side band (SSB) noise figure
(NF)is 8. 65 dB, and the core current consumption is 3. § mA.
Key words: high intermediate frequency; mixer; high linearity;
WLAN 802.11a; buffer; complementary metal oxide
semiconductor transistor( CMOS)

ortable consumer electronics embedded with WLAN
P chipsets have become more and more popular. The
IEEE 802. 11a standard, which is based on orthogonal fre-
quency division multiplexing( OFDM) modulation, provides
a high data rate and a large system capacity. In recent
years, the direct conversion architecture and the low IF ar-
chitecture have been increasingly used in RF-CMOS trans-
ceivers to reduce the costs and save the power consump-
tions'' ™. But they have some drawbacks, such as the DC
offset, the low image reject ratio and so on. In order to
avoid these problems, the RF transceiver described in this
paper uses a dual-conversion architecture with a sliding IF of
1 GHz"' as shown in Fig. 1. The RF signal after the varia-
ble gain low-noise amplifier ( VG-LNA) first is down-con-
verted to a fixed 1 GHz-IF by the RF-mixer, and then the 1
GHz-IF signal is directly down-converted to I/Q baseband
signals by the I/Q-demodulator. In this structure, the sec-
ond LO signal is generated from the first LO signal using a
divide-by-four divider, eliminating the need for two synthe-
sizers. The divide-by-four divider can inherently provide
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very precise quadrature LO signals at 1 GHz, thereby im-
proving the receiver’s image rejection.

Antenna

Fig. 1 Dual-conversion sliding-IF WLAN receiver architecture

The mixer is one of the most important building blocks in
a communication system. The purpose of the mixer is to
convert a signal from one frequency to another. In a receiv-
er, the conversion is from RF to IF. As a part of RF front-
end circuits, its performance directly impacts the whole
system’s performance, such as dynamic range, isolations,
noise figure and so on. One of the most important impacts
is that the mixer limits the linearity of the whole receiver.
So, it must have a large enough linearity to handle the large
signals from the LNA. On the other hand, as the second ac-
tive block in the receiving chain, it must have a low noise
figure and a high enough voltage gain to suppress the noise
contribution from the next block.

1 Circuit Topology and Considerations
1.1 Pseudo-differential topology

The CMOS Gilbert active mixer becomes more and more
popular in the modern receivers, because of its reasonable
conversion gain, moderate linearity, low noise figure and
high port-to-port isolations. But, as the CMOS technology
is scaling down, the supply voltage becomes lower and low-
er, and the voltage headroom becomes very critical. The
conventional Gilbert topology shown in Fig. 2(a)is not suit-
able for the modern design. In order to acquire high per-
formances, some new techniques are used in the mixer de-
sign. The Gilbert mixer with source degeneration and cur-
rent bleeding is shown in Fig. 2 (b). Compared with the
conventional Gilbert mixer, the proposed mixer eliminates
the tail current source to enhance the linearity of the
transconductor stage. Fig. 3 (a) shows the transconductor
stage of the conventional Gilbert mixer, which is a source-
coupled differential pair. Fig. 3(b) shows the pseudo-differ-
ential topology.

In deep submicron technologies, the I-V relationship of a
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(b)
Fig.2 Two topologies of down-conversion mixers. (a)Con-
ventional Gilbert mixer; (b) Gilbert mixer with source degeneration
and current bleeding
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Fig. 3 Transconductor stages. (a)With tail current; (b) Without
tail current

MOSFET can be expressed as'"!

_ (VGS_VT)2
D_K1+6(VGS—VT) D

1
where [, is the drain current; K depends on the technology
and the device size, which is proportional to the channel
width; V¢ — V. is the overdrive voltage; V. is the threshold
voltage of the MOSFET. The parameter § models the first
order of the source series resistance, the mobility degrada-
tion due to the vertical field, and the velocity saturation due
to the lateral field in short channel devices. 6 is a constant
around 0. 001 to 0.1 V, which depends on the channel
length and is independent on the body effect. For a short
channel device, ignoring the third and the higher order
terms of 6, the output current of the transconductor stage
can be expressed as

Ah.2=h "zzim(m—e(z};%z)) (2)

AL =L -1,= _KVinVT(1+0V"2|") (3)

According to Eq. (2) and Eq. (3), it can be seen that, at
the short channel length, the differential pair without the tail
current is obviously more linear than the pair with the cur-
rent source.

1.2 Source resistive degeneration

Linearity is the most important requirement of the mixer.
There are many methods to improve the mixer’s linearity.
One of the most common and effective methods is to use
source degeneration. Theoretically, there are three types of
source degeneration. Inductive degeneration has no thermal
noise to degrade the noise figure, and it does not consume
voltage headroom. The inductor occupies a lot of chip area.
The capacitive degeneration may cause instability problems
and need an additional DC path. So, in this paper, the re-
sistive degeneration is adopted to achieve a small area and a
broad bandwidth. But the degeneration resistor may con-
sume the voltage headroom. The limitation for voltage
headroom is an important reason for output compression.
The available voltage headroom is related to the bias condi-
tions and the source resistance. The available headroom can
be expressed as

Vaw=Vu— VDS, min Vx, min 4
VDs, min = ( Vs = Vi) sw Vx, min = (Vs — V) trans  Lreans R
(5)

where V,, is the supply voltage; V, is the DC voltage at
node X in Fig. 2(b); I, is the DC current of the transcon-
ductor stage, and R, is the resistance of Z,. For the long
channel MOSFET, (Vg - VT)2 oc [,; and for a short chan-
nel MOSFET, (Vg - V;) o« I,. So, decreasing the bias
current can acquire a large voltage headroom. Great R, may
increase the linearity of the transconductor stage, but great
R, may also cause a low available voltage headroom, which
will decrease the mixer’s linearity. So, the choice of the R,
value must be traded off.

1.3 Current bleeding

Because the IF frequency is very high, the 1/f noise can
be ignored. The white noise of the switching core dominates
the mixer’s noise figure. The thermal noise generated in the
switching core has periodically time-varying statistics. The
switching core FETs(M3 to M6) operate among the triode,
the cutoff and the saturation region. The thermal noise ap-
pears at the output when switch core FETs are in the satura-
tion region. When switch core FETs are off, the thermal
noise does not contribute to the noise output. So, when one
switch pair is conducting, we want the other pair to be com-
pletely off. If two pairs are conducting current at the same
time, it will generate maximum noise. The output noise
current produced by a single MOSFET in the switching core
is given by"

[SW
(6)

2
=4kT
ln, SwW Y Trv]_o
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where I, is the DC current through the switching MOSFET
(M3 to M6). In order to reduce the noise of the switching
core, Ig, must be reduced. In the conventional Gilbert mix-
er, we have I, =2[ . So, reducing the bias current will
decrease the transconductor stage’s linearity and voltage
gain. If adopting the current bleeding technique, the current
flow through the transconductor stage and the switching core
can be optimized separately'® . But, if I, is too small, the
current flow through the load will be compressed. Further-
more, the bleeding current source will increase the parasitic
capacitances at node X, which will increase the noise fig-
ure. So, there must be a tradeoff between the bleeding cur-
rent and the switching core current. The input 1 dB com-
pression point and noise figure (NF) as a function of the
bleeding current are illustrated in Fig. 4. Usually, setting
the bleeding current to be three-quarters of the transconduc-
tor stage current appears to be a good compromise.
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Fig.4 Linearity and NF vs. the bleeding current

2 Circuit Design and Optimization

Based on the above analysis, a high-IF CMOS down con-
version mixer for WLAN8(02. 11a is designed and opti-
mized. The schematic is shown in Fig. 5. The RF frequency
is from 5. 15 to 5.35 GHz, and the LO frequency is from
4.15 to 4.35 GHz. In order to maximize the voltage head-
room required by the mixer for low voltage operation, the
Gilbert mixer has only two stacked transistors. By using the
current bleeding technique, the bias currents flow through
the switch and the transconductor stage can be separately op-
timized to obtain a higher gain and a better noise figure.
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Fig. 5 Schematic of the mixer core

2.1 Transconductor stage

The gain of this mixer with the source degeneration in
Fig. 5 can be written as

VGain = leZL (7)
™
Em
Gm _1 +ng1 (8)

where g is the transconductance of the input device M1
(M2); R, is the source degeneration resistor and Z, is the
load impedance. From Eq.(7), the voltage gain of the
mixer is dominated by the transconductor stage and the load
impedance when the switch is perfect.

In the Gilbert mixers, the linearity is mainly limited by
the transconductor stage. The input-referred third-order in-
tercept point ( P ,,)is defined from the transconductor stage

7
as[ 1

8 VsatL My ( VGS B VT) Trans
s =3 Mle( Ves = Vi) Tram( I+ 4V_L )
(V - V ) rans ?
(1 +/~L1 GZSV LT T ) (9)
/‘Ll =MO +20VSML (10)

where V is the saturation velocity; L is the channel length;
R is the source resistance, and u, is the electronic mobility.
From Egs. (7)and(9), it can be seen that great overdrive
voltage can increase the linearity and voltage gain, and great
R, can also increase the linearity. But the large overdrive
voltage will decrease the voltage headroom and increase
power consumption, and great R, may reduce the voltage
headroom and voltage gain. So, the value of R, must be
properly chosen to acquire high linearity and high gain.

2.2 Switching core

A perfect switching core must have small switch de-
lay'* *'. The transition time of the switching core can be ex-
pressed as"’

T = 2Isw 1 :ﬁ(VGS_VT)SW
! K Vi,

(1D

Viowio

where w,, is the frequency of the LO; V|, is the amplitude
of the LO. According to Eq. (11), a large LO amplitude
and a small over drive voltage of the switching core can re-
duce the transition time. However, when the LO becomes
too large, it leads to spikes in the signals, reducing the
switching speed and increasing the LO feed-through. The
spikes can also cause transistors to leave the saturation re-
gion. On the other hand, the overdrive voltage cannot be
too small. Low overdrive voltage means a large transistor
size which will increase the parasitic capacitance at node X.
Fig. 6 shows the variation of both the conversion gain and
the noise figure for different values of the LO power. From
Fig. 6, the LO power can be selected by considering the
gain and the NF. So, the design procedure of the switching
core is shown as follows. First, the current through the
switching core I, can be determined according to the cur-
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rent of the transconductor stage. Then, the overdrive volt-
age and the device size are chosen according to Ig,,. Final-
ly, an appropriate LO power is selected from Fig. 6.
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Fig. 6 Gain and NF vs. the LO power

2.3 Load stage

There are three types of load for mixer design: resistor,
MOSFET and inductor. Usually, no inductor is used in a
low IF down conversion mixer, because the Q value of the
inductor is very small at a low frequency and the value of
the inductor is very large which is unrealistic. In this de-
sign, the IF is 1 GHz. The load can adopt an LC resonate
network. The inductance and the Q-factor of the load induc-
tor are about 15 nH and 8 at 1 GHz, respectively. Com-
pared with the resistor and the MOSFET loads, the LC load
has some significant advantages. First, it can acquire a high
conversion gain to suppress the next block’s noise. Second-
ly, the ideal LC resonate network is noiseless. Thirdly, the
LC network does not occupy the voltage headroom, thus
improving the mixer’s linearity. Finally, the LC resonant
load is a frequency selective network, so it can improve the
mixer’s isolations and suppress other harmonics at the IF
output port.

2.4 Buffer design

Because the impedance of the LC load is very high, a
buffer is required to drive the test equipment. This buffer
must not decrease the mixer’s performance. So, it should
have high linearity, unity gain and low power consumption.
Usually the source follower is used as a buffer shown in
Fig. 7(a), but this structure has large power consumption
and low voltage gain. A new structure is adopted which is
composed of a common-source transistor pair cross-stacked
with a source follower pair''” shown in Fig. 7 (b). The
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Fig. 7 Two topologies of buffers. (a) SF buffer; (b) Proposed
CSSF buffer

SiH

compensation via M1 tends to keep the current constant in
the follower transistor M3, thus improving the linearity.
The TIP3 is higher than the conventional source follower.
The gain of the buffer is given by

8m t 8
|7 = 12
Guin. €SS 8wt F &mn + 11y +1/1 (12
gm
VGain, SF — : (13)

gml +gmbl +1/r01 +1/r03

where g . is the body transconductance. Comparing Eq.
(12) with Eq. (13), the gain of the CSSF buffer is obvious-
ly greater than that of the SF buffer. The gain of the CSSF
buffer is greater than 1 when

oL
Em > Emot o

(14)

Fig. 8 shows the input 1dB compression point of the two
circuits at the same bias current( The half circuit bias current
is 2.2 mA). It can be seen that the gain and the linearity of
the CSSF are obviously higher than that of the SF circuit.
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Fig. 8 P, of the SF and CSSF circuit

3 Implement and Measurement Results

The mixer is fabricated with the SMIC 0. 18 um 1P6M RF
CMOS technology. The microphotograph of the mixer is
shown in Fig.9. Each MOSFET is surrounded by a deep
n-well( DNW) to reduce the noise and to avoid the body
effect. The inductors add N + and P + guard rings to isolate
the substrate noise. The octagon pads of the top metal( M6)
are used for the signal pads to reduce the pad’s parasitic ca-
pacitance. In order to attain good matching, the layouts of
the resistors are common centroid. All the components are
fully symmetrical. The chip area of the mixer with the IF
buffer including all bonding pads is 580 um x1 185 um. The
testing instruments include a spectrum analyzer E4440A, a
vector network analyzer E5071B, a noise figure analyzer
N8975A, and RF signal generators E4438C and SMP04.

Fig. 10 shows the input 1 dB compression point at the
center frequency of 5. 25 GHz. The input 1 dB compression

Fig. 9 Microphotograph of the mixer
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point is about -3.5 dBm. Fig. 11 shows the noise figure
curve of the mixer. It can be seen that the noise figure is
about 8.65 dB at 1 GHz. The minimum noise figure is
about 7.9 dB at 1. 01 GHz. The frequencies of RF, LO and
IF are 5.25, 4.25 and 1 GHz, respectively. Fig. 12 is the
output spectrum of two tone tests. The frequency space is 5
MHz. The IIP3 of the mixer is about 5.3 dBm.

The measurement results are summarized and compared
with some recently published mixers in Tab. 1.
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Fig. 11 Noise figure
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Fig. 12 Output spectrum
Tab.1 Performance summary and comparison
Reference Frequency/GHz VGain/ dB (P, 48/ Pyp3)/dBm  SSB NF/dB Current/mA Process
Ref. [11] 2.4 15.7 NA/1 12.9 4.5 0. 18 pm CMOS
Ref. [12] 0.9 4 NA/ -5.6 11.2 4 0.35 pm CMOS
Ref. [13] 2.4 -4.5 1/NA 18 10/40 * 0. 18 wm CMOS
Ref. [14] 0.915 12.5 NA/10 17.6 3 0. 18 wm CMOS
This paper 5.25 10. 1 -3.5/5.3 8. 65 3.8/5" 0.18 pm CMOS

Note: :* Output buffer current.
4 Conclusion

A 5 GHz mixer with the source degeneration and the cur-
rent bleeding techniques is analyzed and designed for the
WLAN 802. 11a system. Compared with the other mixer
circuits reported in Tab. 1, some key parameters are better.
The measurement results indicate that the designed mixer
has good performance and meets the requirements of the
WLAN 802. 11a system.
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