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A 0.18 pum CMOS Gilbert low noise mixer with noise cancellation™
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Abstract: This paper presents a broadband Gilbert low noise mixer implemented with noise cancellation tech-
nique operating between 10 MHz and 0.9 GHz. The Gilbert mixer is known for its perfect port isolation and bad
noise performance. The noise cancellation technique of LNA can be applied here to have a better NF. The chip
is implemented in SMIC 0.18 um CMOS technology. Measurement shows that the proposed low noise mixer has
a 13.7-19.5 dB voltage gain from 10 MHz to 0.9 GHz, an average noise figure of 5 dB and a minimum value of

4.3 dB. The core area is 0.6 x 0.45 mm?.
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1. Introduction

Nowadays, there are several kinds of industry professional
wireless networks in China. The RF front-ends of these net-
works are difficult to match with each other. Given that the
working frequency band of these networks mainly lies between
the 100 MHz to 1.2 GHz range, a broadband front-end covering
this band is needed. The down-conversion mixer is one of the
critical blocks in the front-end. The most popular topology is
the Gilbert mixer, which can have a good performance of port
isolation and a high conversion gain. However, the large noise
figure of the Gilbert mixer will degrade the entire transceiver
performance. This usually requires the former block LNA, a
high gain and a low noise figure. To improve the NF of LNAs,
power dissipation will be a problem. This can be solved if the
NF of the mixer is low enough.

There are two main sources of noise: the transconductor
stage and the switch stage. According to Ref. [1], the 1/ f noise
of the switch stage is proportional to the DC current flowing
through it. References [2, 3] apply the current injection tech-
nique to lower the DC current of switch stage to reduce the
1/ f noise. However, this technique has no benefit for the white
noise of the transconductor stage.

There are several solutions for getting better noise perfor-
mance of LNAs. The noise cancellation technique is a good
candidate to handle it. The concept of noise cancellation is first
proposed in Ref. [4]. Lately, this concept has been utilized to
design a low noise figure LNA in Refs. [2, 5]. The NF can be
reduced significantly. This LNA NF improving technique can
be applied in the Gilbert mixer.

In this paper, a CMOS broadband Gilbert mixer is pre-
sented with the transconductor stage implemented by the noise
cancellation technique. The noise is much less than the tradi-
tional Gilbert mixer. Meanwhile, the gain of the mixer is high
enough to take off the LNA. This leads to a lower power dissi-
pation of the whole system. The mixer works between 10 MHz
to 0.9 GHz and has a better NF and conversion gain perfor-
mance over other broadband mixers.
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2. Basic noise cancellation principle

To understand how to cancel the noise generated by the
MOSFET, the schematic of a basic amplifier is shown in Fig. 1.
I, represents the channel noise of the a MOSFET working in
saturation region. /> which is the channel noise spectral den-
sity and can be expressed as 4K Ty gq9, where the ggo is the
drain—source conductance when the Vpg equals zero. K is the
Boltzmann constant and 7 is the absolute temperature. The
value of the parameter y depends on the channel length of the
MOSFET.

There are two critical nodes of this topology, which are
defined as node X and node Y. The MOSFET is biased as a CS
configuration. So the signal in node X and node Y are out-of-
phase.

The noise current of ;, flows out of the MOSFET through
the R and R; (Fig. 1). With respect to ground, the noise of node
X and node Y are in-phase. If a voltage adder can be applied

Fig. 1. Basic noise cancellation concept.
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Fig. 2. Noise cancellation transconductor.

after this stage, the signal of node X and node Y can be added
while the noise of these two nodes can be cancelled. This leads
to a zero contribution of noise to the output by the input match-
ing MOSFET.

3. NF of noise cancellation transconductor

Figure 2 shows the transconductor of the mixer. It has
the topology of a noise cancellation cell. There are three main
MOSFETs used in this noise cancellation cell, M1, M2 and M3.

M1 acts as the stage of input matching. The impedance of
this network is Ziy = 1/gm1 and the voltage gain of Y over
X is AYX = Vy/VX =1- gmlR[l]. If l/gml = Rs, input
matching is satisfied.

Now let us analyze noise contribution of all the noise
sources and the NF of this transconductor. As R changes, a
part of the noise of M1 described as o1, will flow through Rg
and R, with 0 < @ < 1. The noises of node X and node Y due
to the noise of M1 are in-phase. The voltage adder is formed
by M2 and M3.

M2 is a CS configuration, therefore the noise voltages of
node X and the output node have opposite signs. M3 is a source
follower construction leading to a same sign of noise at the out-
put node and node Y. These two different functions will cancel
the noise at the output node due to M1. Meanwhile, the sig-
nal of input will be added at the output node through these two
paths.

The noise voltages at node X and node Y are

VX,n = alyRs,
Vy’n Olln(Rs =+ R) (1)

Then the noise output due to M1 is equal to
Voutr,n = Vi,n + Vx,ndv2
= al,(Rs + R) + al,RsAvy». @)

If output noise due to M1 is zero, Vour,n = 0, the voltage
gain of M2 can be achieved

| 5% R
A= 7L =—(1+—). 3)

X,n

Fig. 3. Noise current of feedback resistor R.

By circuit inspection, this gain can also be described as

Ay, = —5m2, )
gm3
The total signal gain by adding the two paths signal is
Vi
Aox = 2 =1~ gmiR + Ays
Vx
= R R _ 2 R %)
= —gmi R~ Rs

In Fig. 2, the noise voltage at node X controls the noise
current flowing through M1,

alnRsgm = (1 —a) 1. (6)
So a = 1/2 if the input matching is satisfied.

4K Tygma®(Rs + R — RsAyy)?
NFv; =

1
4K TRy X 1 X A\2]2

_ y&mi (Rs + R — RsAv2)?

7
A ©)

The white noise of resistor R is Ir, which is divided into
two branches B/ and (1 — ) IR, as shown in Fig. 3.

Then the noise voltages of node X and node Y due to re-
sistor R are

Vx,nr = BIrRs,
Vy, ik = BIrRs(1 — gmi R),
Vx, ok — Vy,nr = (1 — B)IrR. (8)
Then B =1/2if1/gm = Rs.
Then
14KT
(BIxRs)? 1 o B R
NFy = R51:4R 1:?3. )
4K TRg x Z 4K TRg x Z
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Table 1. Noise contribution of the sources.

Noise source Contribution
Rg 76.97%
NM; 0.01%

NM», 15.79%
NM3 3.85%

R 0.03%

The last noise source is the voltage adder consisting of M2
and M3. The NF of this source is

AKTygm n 4K Ty

g2, Em3

1
4K TRg X 1 X A(z)X

2Rs
+ 2 )

NFwmp,3 =

y 1 3
= (—+= 10
E&m2 (RS R ( )

So the total NF can be expressed as
NF =1+ NFy; + NFg + NFM2’3.

With the noise cancellation working, the NFy;; equals to
0. Then the NF is only determined by the latter two parts.

From the expressions, we can see that to have a low NFg,
the resistor R should be as large as possible. But a large R
will cause some problems. From Egs. (3) and (4), we can know
that a large R means a large g, and a small gy,3. A small g3
requires a large overdrive voltage which pushes the M2 into
triode region. This problem will be discussed in the following
sections.

To have a low NFyp 3, the gms should be as large as possi-
ble according to Eq. (10). This will dissipate more power. This
relationship shows the trade-off between power dissipation and
NF.

To verify this derivation of the formula, a simulation about
the noise contribution of the noise sources is done in Table 1.

This result shows that the theory of noise cancellation is
right and available for low noise design. The noise contribution
of the NM1 has been reduced to close to zero. The noise contri-
bution of the source impedance Rg has been raising to as high
as 76.97%. For a circuit whose source impedance keeps a con-
stant of 50 €2, the less the contribution of the source impedance,
the less the NF.

4. Switch stage and current injection

As shown in Section 3, in order to reduce the noise contri-
bution of the M2, a large DC current should flow through M2
to the switch stage. According to Ref. [6], a large amount of DC
current in the switch stage will cause a large 1/ f noise. Also, a
large overdrive voltage of switch stage is required. This leads
to a slow switching, making the conversion gain of the mixer
lower.

To solve this problem, a current injection block is used to
reduce the DC current of switch stage as shown in Fig. 4. The
DC current of transconductor stage will mainly flow into Min2
and Min3. Then the DC current of switch stage can be small

Fig. 4. Switch stage with a current injection block.

Fig. 5. Buffer for the output matching.

enough to have a low overdrive voltage. The noise and conver-
sion gain performance of the mixer with this current injection
block can be better.

5. Buffer for the output matching

In order to have a good output matching, a source follower
construction is used as shown in Fig. 5. To ensure the output
impedance is 50 €2, the gmp3 should be 20 mS. With this buffer,
the overall conversion gain will have a loss of 6 dB. So, the
actual gain of the mixer should be 6 dB larger than the mea-
surement result.

6. The proposed circuit

Figure 6 shows the proposed circuit of the noise cancel-
lation mixer. According to Section 3, to have a large R, gm>
should be large while g3 should be small. If the DC current
in M2 is as large as that in M3, the large overdrive voltage of
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Fig. 6. Schematic of the proposed circuit (biasing not shown).
Table 2. Summary and performance comparison.
Parameter This work Ref. [7] Ref. [8] Ref. [6]
Technology (;um) 0.18 0.18 0.09 0.13
Frequency band (GHz) 0.1-0.9 0.9 0.1-3.85 1-5.5
Voltage gain (dB) 13.7-19.5 13 20 11.5
NFpss (dB) 4.6-7.2 8 9-12 (0.1-1 GHz) 39
P14 (dBm) —20 (0.9 GHz) -23 —12.83 (2.3 GHz) -10.5
S11 (dB) <-93 =31 <—10 < —8.8
Core size (mm?) 0.27 0.33 0.88 0.315
Power (mA) 14 6.7 8.15 23

M3 will push M2 into triode region. Fortunately, the current
injection block for a low 1/f noise of the switch stage can
deal with it. If the current of Min2 is close to that of M2, then
currents flowing in M3 and switch stages are small enough to
avoid these problems.

The input matching network is made up with a NMOS and
PMOS to reuse the DC current for a lower power dissipation.
Another advantage of this technique is that there is no require-
ment for the DC bias.

In the transconductor stage, there are two capacitors Cy
and Cyp. Cyi is a blocking capacitor. Cyy, is a bypass capacitor
to make sure the source of M7&MS virtual ground.

For good output matching, a source follower is used to pro-
vide an output impedance of 50 2. Ry and Cr are used to filter
out the noise of current from the outside.

The mixer was designed using SMIC 0.18 um technology.
The simulation and layout were done with a Cadence spectr-
eRF. PCB measurements were carried out. The LO frequency
is 900 MHz.

Figure 7(a) shows the chip photograph of the total circuit.
The core occupies 0.6 x 0.45 mm?. Figure 7(b) shows the Sy,
covering the frequency from 10 MHz to 1 GHz. The best input

matching is achieved when the S, can reach to —27 dB. Over
all the band of measurement, S;; <-9.3 dB. Figure 7(c) shows
the S5, of the working band. Between 10 MHz and 1 GHz, even
the worst Sy, still reaches to —10 dB.

Figure 8 shows the NF of the mixer from 10 to 900 MHz.
We can see that a minimum NF of 4.6 dB is achieved when
the frequency is 92 MHz. As the frequency rises, the NF has a
tendency of rising. This can be explained that as the frequency
rises, the parasitic capacitor of MOSFET will affect the phase
of the noise at node X and node Y, making the noise cancella-
tion less efficient. The balun used for single signal transform-
ing into differential signals has an insert loss of 0.32 dB. So,
the NF of the measurement should minus this insert loss. This
means the minimum NF is 4.3 dB. Figure 8 also shows the
conversion gain of the proposed mixer. The conversion gain is
7.7 to 13.5 dB between 10 to 900 MHz. The buffer for output
matching will degrade the gain by 6 dB. So the actual conver-
sion gain of the proposed mixer is 13.7 to19.5 dB.

Table 2 shows a comparison between this work and other
similar mixer. This work has a better performance of conver-
sion gain than other works. Also, the NF of this work has a
competitive advantage over the other two mixers. The pro-
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Fig. 7. (a) Chip photograph. (b) Measured S11. (c) Measured S»5.

Fig. 8. Measured NF and conversion gain.

posed work and Reference [6] shows the trade-off between the
NF and the power dissipation.

7. Conclusion

A low noise mixer using a noise cancellation technique is
presented. The proposed mixer works between 10 MHz and
0.9 GHz. The conversion gain of this mixer is 13.7 to 19.5 dB

over the working band. The NF has a minimum value of 4.3 dB
while 6.9 dB when the frequency rises. The S1; achieves the
best performance of —27 dB. The core of this mixer is only
0.27 mm?2.
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