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Abstract—Today it is important to manufacture high quality integrated
circuits which are insensitive to device mismatches. This paper presents an
analysis of MOSFET transistors mismatches effect on the performance of UWB
receiver front-end which constitute the most important part of Wireless Body
Area Network sensor node. The receiver is based on Balun LNA with 25% fully
differential double-balanced passive mixer. A PMOS and NMOS transistors
mismatch models were proposed to determine LNA output offset voltage and
mixer offset current respectively. The analysis result suggests that, to minimize
NMOS current mismatch, and thus reducing second-order inter modulation
distortion, the overdrive voltage Vgg — Vi, must be maximized. A Monte Carlo
and harmonic balance simulations were performed using 0.18um CMOS process
to evaluate the impact of W/ jmismatch as well as Vin mismatch on the receiver
gain and IIP2. Simulation results show that IIP2 of the receiver is less sensitive
to mixer NMOS mismatch but receiver gain is more sensitive. The receiver IIP2
confidence interval in case of NMOS W/ 1, mismatch is [24.674, 24.77]dBm and
in case of NMOS Vu mismatch is [24.659, 24.857]dBm. This show the
robustness of the proposed UWB receiver front end. Therefore, the proposed
circuit meets the requirement of UWB system perfectly which make it suitable
for WBAN applications.

Keywords—WBAN UWB receiver, LNA, passive mixer, transistor mismatch,
Monte Carlo

1 Introduction

For the purpose of monitoring physiological signal, the Ultra-Wide Band-Wireless
Body Area Network (UWB-WBAN) is acknowledged to provide efficient, low power,
and optimized wireless communication between sensor nodes implanted in or worn on
the human body [1]. The Federal Communications Committee (FCC) mask limits UWB
emission power in this application to less than -41.3 dBm/MHz in the 3.1-10.6 GHz
band to avoid potential interference with already-existing applications [2].
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Thus, it is necessary to design integrated circuits with high immunity to process,
voltage, and temperature (PVT) variations in order to guarantee stable operation over
these variations [3].

The Receiver Front-End (LNA+ Mixer) is one of the key elements of the UWB
sensor nodes.

When studying differential LNA and Mixer circuits, we make the assumption that
the bias currents and characteristics of identical transistors are the same. In practice,
MOS devices have a mismatched threshold voltage (Vth) since Vth is dependent on the
surface charge density, oxide thickness, gate material, and substrate doping. Dopants
are incorporated into the channel and gate areas of the transistor during manufacturing
to modify Vth. The doping levels differ erratically from transistor to transistor [4].

Additionally, random variation affects two identical MOS transistors, leading to
mismatches in the W/L ratio. Mismatched Vth and W/L ratios cause DC to offset at the
circuit nodes. This might cause the circuit's stages to operate nonlinearly or get
saturated [5][6].

Time-independent random differences in physical quantities of similarly designed
devices are caused by processing-induced device mismatch. As device dimensions
shrink and the available signal swing shrinks, the impact of MOS transistor mismatch
becomes increasingly significant. For precise analog circuit design, the mismatch is a
critical design parameter [7].

The mismatch of two CMOS identical transistors is characterized by the random
variation of the difference in their threshold voltage Vth , their body factor, and their
current factor.

The second order intercept point (IIP2) of a direct conversion receiver system is a
critical performance parameter. It is a measure of second order non-linearity and helps
quantify the receiver’s susceptibility to single and 2-tone interfering signals. At high
frequencies, due to the presence of parasitic capacitance, the linearity (IIP2) drops[8].

In this paper, we will present an analysis of how device mismatches affect the
performance of the UWB receiver front-end.

This paper is organized as follows: The receiver architecture front-end is presented
in Section 2. The mismatch in PMOS transistors and its effect on LNA performances is
analyzed in Section 3. Mismatch analysis in the receiver front-end and Monte Carlo
simulation results with random variation in size and voltage threshold of mixer NMOS
switches are detailed in Section 4. Section 5 concludes this paper.

2 Receiver architecture

The transceiver architecture is shown in Figure 1. Hardware minimization can be
achieved by using a direct conversion architecture that eliminates the image-reject filter
and other IF components, enabling a monolithic transceiver [9][10]. The transmitting
chain consists of a UWB pulse generator, a chirp FSK modulator, followed by a power
amplifier, and an antenna. Depending on the transmitter binary information input, the
chirp FSK modulator generates a dual-band FSK modulated signal by switching
between two sub band signals [11]. The antenna emits the modulated signal once it has
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been amplified by the power amplifier. The LNA is used to initially amplify the
receiving signal. The input of a differential double-balanced down-conversion passive
mixer is driven by the UWB RF differential LNA signal. The mixer switches are driven
by four rectangular LO signals with a 25% duty-cycle LO wave tuned to 4 GHz. To
separate the mixer's DC voltages from the LNA's and to obstruct the signals from the
LNA's second-order intermodulation products, the mixer is linked to the LNA through
an AC coupling capacitor. The mixer is loaded by a voltage amplifier and works in
voltage mode. The bias of the mixer is set using resistors RB. A low pass filter (LPF)
is often used to filter the voltage amplifier's output signal. The latter passes only the
selected down-converted channel signal and suppresses the other channel. Finally, the
chirp FSK demodulator will retrieve the digitally transmitted data[12] [13]. Given that
the I and Q channels are active at the same time, the 50% duty cycle mixer suffers from
IQ crosstalk and its effects on linearity and noise. Then, the Q channel loads the I
channel, and vice versa. This phenomenon does not occur in the case of the 25% duty-
cycle mixer, where only one channel is active at any given time.

Proces
Sald

RX_output

TX_input

Tx PRF clk
control

Fig. 1. Front-end topology of the UWB transceiver

The IQ crosstalk in a 25% duty-cycle mixer is much lower than in a 50% duty-cycle
mixer. The CMOS passive mixer has good linearity and no DC power except for its
clock generation circuit, and is less dependent on process variations, and has a smaller
die area, and has better LO-RF feed through performance than an active mixer.
Moreover, the LNA, LPF, and down-conversion passive mixer are designed
differentially to reduce the second-order nonlinearity and cancel common-mode noise
and interferences.
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3 Mismatch analysis in LNA

3.1 LNA circuit

Figure 2 shows the Low Noise Amplifier circuit. It is based on the Balun topology
that converts the single-ended input signal into a differential and uses a common gate
stage (CG) (M1) and a common source stage (CS) (M2)[14]. The input impedance of
this circuit is controlled by M1 transconductance (g,,,). When the gains of CS and CG
are equivalent and in opposition to each other, the output noise is canceled [11]. The
input impedance Z;, ¢ is given by:

ToNmos tToPmos (1)
ToNmos (gm1+9mb1)+1

Zince =

Tonmos aNd Topmos are small signal output resistances for NMOS and PMOS
transistors respectively.

Furthermore, distortion is decreased, allowing for the development of highly linear
LNAs. If the CG-stage input impedance Z;,,c; is equal to the source resistance Rg, the
input impedance can be matched.

_ (V(;—ut_ o_ut)

Apya =25 =Ace — Acs = 29m1

ToNmos "oPmos (2)
Vin ToNmostToPmos

By tuning the DC voltage (Vyias1) at M; gate, we may change the current in M, and
get an equal voltage gain at Vout+ and Vout-.

The DC voltage (Viias2) is used to adjust LNA gain magnitude and NF by changing
the output conductance of M3 and M4 respectively, that operate in the triode region.

My I

out =

Fig. 2. Balun LNA

3.2 PMOS transistor mismatch model for the LNA

In the Triode area, an appropriate MOSFET model is:
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w
Ip = :“PCoxT Vo6 = VendVsp 3)

where I is the drain current, Vs, is the gate-source voltage, V;, is the threshold
voltage, with C,, being the gate-oxide capacitance per unit-area, ip as the carrier
mobility, W and L being the width and length of the transistor respectively.
The objective of the following analysis is to find the value of the PMOS output offset
voltage Vo= Vsp3-Vsps due to mismatches between transistors M3 and M4.
We pose Vipz = Vi, and Vipy = Vi + AV,
we denote the ratio % = Rat and % = Rat + ARat.

Mismatches in PMOS transistors lead to Ips # Ip,.
We denote I3 = I and Ip, = Ip + Al.
The currents can be approximated in the triode region (linear region) by:

%

Iz = ppCox L_: (Vsz — Vens)Vsps )
77

Ips = ppCoy L—: (Vsca — Vena)Vspa ®)

In the following study we neglect w,C,, mismatch. The output offset voltage is
given by:

Vo = Vspsz — Vspa

_ Ip Ip+Alp
HpCoxRat(VsGg—Vin)  HpCox(Rat+ARat)(Vsg—Ven—AVen)
Alp
1+-2
= 'p 1- ‘p (6)
CoxRat(Vsg—V ARat, | AViep
HpCoxRat(Vsg—Ven) (+%0 @ VSG_Vth)
Alp _  ARd
Ip  Rd

where Rd is the equivalent PMOS load for the differential delay circuit.

. ARat AV Al
Assuming— « 1, —2 -« land 2« 1

Rat Vsc—Vtn Ip
equation (6) becomes:

I ARat | ARd AV
jy=—o P (7)
upCoxRat(Vsg—Ven) LRat = Rd  Vsg—Vin
Ip

—= s approximately equal to the equilibrium source drain voltage V
HpCoxRat(Vsg—Vin) pp yed d £¢ Vsp

of each transistor. This gives:

®)

ARat = ARd AV
V, = Vi [220 4 200 _ S|
Rat Rd Vsc—Vin

Equation (9) is an important result, revealing the dependence of V, on device

mismatches and bias conditions.

In order to produce high and stable LNA gain and cancel noise correctly we need to
. . . ARd ARat .
minimize —==, ——=, AVyp, and maximize (Vg — Vip).
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33 Simulation result for LNA

The most important flaws are PMOS transistor mismatches and random changes
during differential LNA circuit manufacture. We are interested in determine how these
incompatibilities affect gain, noise figure, and 1IP2. The proposed design's robustness
is studied by running a Monte Carlo simulation.

Also, we will evaluate the standard uncertainty given by the following equation:

Standard uncertainty = Std uncertainty = Std. dev/vn =

1 _
\/n(n—l) j=a (g — X )7 ©)
where Std.dev is the Standard deviation given by:
1 _
Std.dev= \/m Tl —x )? (10)

n is the number of observations, where ¥  is the mean and x;is the j™ data point.
From statistical theory, 95% of the runs are in the range [mean - 2std uncertainty,
mean + 2std uncertainty]. 95% is the level of confidence with a coverage factor of 2.
[mean - 2std uncertainty, mean + 2std uncertainty] is called confidence interval.
PMOS size mismatch. A number of Monte Carlo simulations were performed to
demonstrate the impact of process modifications on the performance parameters of the

LNA. The size of PMOS varied by 5% (o2 = +5%).

Rat
Figure 3(a) shows the Monte-Carlo simulation results of the LNA gain. As we see

from the histogram data, the variation of % value in PMOS transistors affects the gain,

when % changes by about 5%. From Figure 3 (a), we see that the mean of the LNA gain

equals 30.15 dB and the standard uncertainty equals 0.0475 dB. These values are good
for fabrication. 95% of the runs are in the range [30.055, 30.245]dB.

Figure 3(b) shows a gain variation 0f 25.46 dB to 21.5dB in the 3-5 GHz band, which
is acceptable.

Figure 4 (a) shows the Monte Carlo simulation result for LNA NF in case of PMOS
size mismatch the mean=3.146dB, std dev=0.368dB, std uncertainty=0.0184dB and
relative uncertainty=0.58%. 95% of the runs are in the range [3.1092, 3.1828] dB.
Figure 4 (b) shows NF vs. frequency.
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Fig. 3. LNA Gain for PMOS size mismatch a) Monte Carol simulation result, mean = 30.15
dB, std dev=0.336dB, std uncertainty=0.0475dB and relative uncertainty=0.157% b)
LNA gain vs frequency
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Fig. 4. LNA NF for PMOS size mismatch a) Monte Carol simulation result, mean=3.146dB,
std dev=0.368dB, std uncertainty=0.0184dB and relative uncertainty=0.58% b) LNA
NF vs frequency

The NF vary from 1.9dB to 3.4dB in the 3-5GHz band. The linearity performance is
plotted in Figure 5.

In Figure 5 (a) Monte Carlo simulation result for LNA TIP2 is presented with a mean
of 13.143dBm, a std dev equals to 3.34dBm, a std uncertainty of 0.472dBm and a
relative uncertainty of 3.5%. Therefore the confidence interval of IIP2 is [12.199,
14.087]dBm.

Figure 5 (b) shows LNA IIP2 versus LNA input power Pin.

Therefore, the randomness of process due to PMOS size mismatch will affect the
second order linearity but will not have a great impact on the gain and NF of the
proposed LNA.
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Fig. 5. LNA IIP2 for PMOS size mismatch a) Monte Carlo simulation result, mean=13.143
dBm, std dev=3.34dBm, std uncertainty=0.472dBm and relative uncertainty=3.5% b)
LNA IIP2 vs Pin

PMOS Vth mismatch. In this part we will study the PMOS transistor voltage

threshold (V) mismatch effect on the gain, NF, and IIP2.

The voltage threshold (Vy;,), was varied by 5% (A;/—thh = 15%).
ti

LNA Gain Monte Carlo analysis in Figure 6(a) shows mean=30.15dB, std
dev=0.246dB, std uncertainty=0.0347dB, and relative uncertainty=0.11%. In Figure
6(b) we plot LNA Gain versus frequency for different Monte Carlo trials. The results
found are very close to Figure 3. There is no significant PMOS V;;, mismatch effect on

gain. Therefore, ninety five percent of the observations of gain are in the range
[30.0806, 30.2194] dB.
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Fig. 6. LNA Gain for PMOS Vi mismatch a) Monte Carlo simulation result, mean=30.15dB
,std dev=0.246dB, std uncertainty=0.0347dB and relative uncertainty=0.11% b) LNA
Gain vs frequency

Figure 7 depicts the corresponding NF in case of PMOS Vth mismatch. The mean
equals to 3.176dB and the std dev equals to 0.001dB. Therefore, ninety five percent of
the observations of NF are in the interval [3.17596, 3.17604]dB.

From Figure 7(b) the NF vary from 3.1dB to 3.32dB in the 3-5GHz band.
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Fig. 7. LNA NF for PMOS Vi mismatch a) Monte Carlo simulation result, mean=3.176dB, std
dev=0.001dB, std uncertainty=0.00002dB and relative uncertainty=0.0007% b) LNA
NF vs frequency

Monte Carlo simulation result for LNA IIP2 in case of PMOS Vth mismatch is
depicted in Figure 8 (a) with a mean of 8.665dBm, the std dev=14.008dBm, the std
uncertainty=1.98dBm and a relative uncertainty=22.8%. Figure 8 (b) shows LNA IIP2
versus input power.

Therefore the confidence interval of IIP2 is [4.705, 12.625]dBm.

Therefore, the PMOS Vi, mismatch has a great influence on the second order
intercept point of the LNA but will not have a significant impact on the gain and NF.
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Fig. 8. LNA IIP2 for PMOS Vi mismatch a) Monte Carlo simulation result, mean=8.665 dBm,
std dev=14.008dBm, std uncertainty=1.98dBm and relative uncertainty=22.8% b) LNA
IIP2 vs Pin

From this analysis, we can confirm that the LNA IIP2 is sensitive to the variation in
the threshold voltage and size of PMOS transistors, but LNA Gain and NF are less
sensitive. This is why care must be taken with the mismatch of PMOS transistors.
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4 Mismatch analysis in the receiver front-end

4.1 Receiver front-end circuit

The passive mixer-based UWB receiver circuit is depicted in Figure 9. First, the
LNA amplifies the UWB RF signal coming from the antenna. Then the differential RF
signal VLNAout is down-converted by the 25% duty-cycle double-balanced passive
mixer and appears through the baseband load (Cir || Rg). Due to their low power and
improved linearity performance, 25% duty-cycle LO driven mixers have become quite
popular recently [15][16]. To prevent the DC bias and the second-order intermodulation
components produced inside the LNA, capacitors (C) are added to each mixer input.

Second-order intermodulation (IM2) products are mostly produced by the mixer
during the overlap time when mixer switches operate concurrently [17] and [18]-[19],
Asymmetric % value or threshold voltage Vi, in the NMOS switches of the mixer and

unbalanced parasitic coupling between RF-to-LO or LO-to-RF ports cause IM2
products to be produced.

Additionally, due to their frequency dependant properties, the degree of the
aforementioned mismatch effects grows as the operating frequency rises.

In the following, we study the effect of NMOS mixer switches mismatch on gain,
NF, and IIP2 performance of the UWB receiver front end with a 25% duty cycle.

. . . .. w 17.8um
The NMOS switches nominal size is — = .
L~ o0.18um

1
LOIpJ_ﬂ A5V

e |.

VinM

.|_
LOI

LOQplus

— ;

LOQm

|
Diffetential double-balanced down-conversion mixer

Fig. 9. Passive mixer-based UWB receiver circuit
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The differential outputs of one channel do not overlap during the 25% duty-cycle
LO-driven mixer, in contrast to a 50% duty-cycle LO-driven mixer. Although each
channel should ideally receive an equal amount of RF current, random asymmetry
considerations may result in improperly balanced switching operations [9].

Utilizing an offset voltage source (Vo) linked in series at the mixer switch's gate
allows for the modeling of the Vy, mismatch.

4.2 NMOS transistor mismatch model for the mixer

The NMOS transistors of the passive mixer work as switches. This means that they
operate in the linear region of the triode area, an appropriate NMOS current model in
this region is given by:

w
Ip = pinCox Vas — Ven)Vps for  Vps < (Vs — Vi) (11)

where I, is the drain current, (Vz — Vi) is the overdrive voltage, Vi, is the
threshold voltage, with C,, being the gate-oxide capacitance per unit-area, y, as the

carrier mobility, W and L being the width and length of the transistor respectively. % is

the aspect ratio.
The drain current is a linear function of Vjj, this implies that the resistance between
source and drain can be controlled by the overdrive voltage.
We will study random mismatch between tow NMOS transistors in the mixer circuit.
Suppose that the drain current are denoted I;and Ip,:

w
Ip, = #nCox(T)l(VGS — Ven)Vs1 (12)

w
Ip, = .unCox(T)Z(VGS — Vin2)Vbs2 (13)

— Ipitip2
2
. w w w . . w2

The size offset A(7) = (7)1 — (7)2 and the nominal size — = %

The threshold voltage offset AV,;, = Vi1 — Vinp and the nominal threshold voltage
V., = YthaiVena

th = 2
Assuming Vg, = Vps, and mismatches in u,, C,, is neglected, it follows:

The current offset Al, = Ip; — Ip, and the nominal current I},

w

Alp _  Vgs A vy
= 4

Ip Ves—Ven — Ves—Vin

(14)

AI£ depends on the aspect ratio mismatch, the threshold voltage mismatch and the
D

overdrive voltage mismatch.

This result suggests that, to minimize NMOS current mismatch, and thus reducing
IM2 products, the overdrive voltage must be maximized. This is done when we have
run simulation on the receiver front end using ADS tool.
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4.3 Simulation result for the receiver front-end

Mixer NMOS switches size mismatch. A Monte Carlo simulations were run to
evaluate the impact of process modifications on the performance parameters of the
receiver front end. The size of mixer NMOS switches was varied by 5% from its
nominal value (A(%) = +5%)

Figure 10 shows Monte Carlo simulation result of IIP2 for the receiver front end.
The mean=24.722dBm, the std dev=0.54dBm, the std uncertainty=0.024dBm and
relative uncertainty=0.097%.

Therefore the confidence interval of receiver IIP2 is [24.674, 24.77]dBm.

140
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40—

20—

oL ||

IITI{Y{IX‘Y{N{{N{Y{{Y{Y{‘IIY{{NTIX{IXII

23.0 23.5 24.0 24.5 25.0 R5.5 R6.0 26.5 R7.0
[TP2Rx in dBm

Fig. 10. IIP2Rx Monte Carlo simulation result for Mixer NMOS size mismatch, mean=24.722
dBm, std dev=0.54dBm, std uncertainty=0.024dBm and relative uncertainty=0.097%

As we see in Figure 11(a) from Monte-Carlo simulation data, the mixer NMOS size
mismatch of +5% affects the receiver front end gain. The results show that the mean
of GainRx equals 15.285dB and the standard deviation (std dev) =2.081dB for a
frequency of 4 GHz.

Figure 11 (b) shows GainRx versus input power Pin for different Monte-Carlo trials.
A 95% of receiver gain trials are in the range [15.099, 15.471] dB.
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Fig. 11. GainRx for Mixer NMOS size mismatch a) Monte Carlo simulation result, mean =

15.285dB, std dev=2.081dB, std uncertainty=0.093dB and relative uncertainty=0.6% b)
GainRx vs Pin

Mixer NMOS switches Vth mismatch. In this part, we will study the voltage
threshold (V) mismatch effect on the receiver's front end performance. The voltage

threshold (Vy,), was varied by 5% (A‘;/—thh = 45%). The Monte Carlo simulation result
t

for the receiver IIP2 in the case of a NMOS Vth mismatch is depicted in Figure 12 with
500 iterations. We get a mean of 24.758dBm, the std dev=1.107dBm, and a relative
uncertainty=0.2%. Therefore 95% of receiver 1IP2 trials are in the range [24.659,

24.857] dBm.
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Fig. 12. 1IP2Rx Monte Carlo simulation result for Mixer NMOS Vi mismatch, mean=24.758
dBm, std dev=1.107dBm, std uncertainty=0.0495dBm and relative uncertainty=0.2%

192 http://www.i-jim.org



Paper—Analysis of Device Mismatches Effect on the Performance of UWB Receiver Front-End in...

In Figure 13(a), we see Monte-Carlo simulation results for GainRx, in the case of
mixer NMOS Vy, mismatch of +5% . The results show that the mean of GainRx equals
10.709 dB and the standard deviation (std dev)=2.246 dB.

Figure 13 (b), shows GainRx versus input power Pin for different Monte-Carlo trials.
A 95% of receiver Gain trials are in the confidence interval [10.509, 10.909] dB.
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Fig. 13. GainRx for Mixer NMOS Vi mismatch a) Monte Carlo simulation result, mean=
10.709dB, std dev=2.246dB, std uncertainty=0.1dB and relative uncertainty=0.93% b)
GainRx vs Pin

Table 1 summarizes Gain and IIP2 for LNA and Receiver front-end with the
corresponding confidence interval at 95% of confidence.

Table 1. Summary of Gain and IIP2 for LNA and Receiver front-end

LNA Receiver front-end
PMOS PMOS Va NMOS switches . | NMOS switches
mismatch mismatch mismatch Ve mismatch
Mean Gain(dB) 30.15 30.15 15.285 10.709
Sl‘t’:r‘vfl‘l’?d‘;d)me [30.055, 30.245] | [30.0806,30.2194] | [15.099, 15.471] | [10.509, 10.909]
Mean [IP2(dBm) 13.143 8.665 24.722 24758

IIP2 confidence

interval(dBun) [12.199,14.087] | [4.705,12.625] | [24.674,24.77] | [24.659,24.857]

5 Conclusion

The impact of device mismatches on differential UWB receivers front end
performances were examined in this research. Two transistor mismatch models was
proposed in order to evaluate the LNA output offset voltage and mixer offset current. A
number of Monte Carlo simulations were performed in order to analyze the impact of

a random variation in PMOS V—: and voltage threshold on LNA gain, NF, and IIP2. It is
shown that the LNA IIP2 is sensitive to the variation in the threshold voltage and size
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of PMOS transistors but the LNA Gain and NF are less sensitive. A Monte Carlo and
harmonic balance simulation were run to evaluate the impact of process modifications
on the performance parameters of the receiver front-end. The size of mixer NMOS
switches was varied by 5% from its nominal value. Simulation results show that 11P2
of the receiver is not very sensitive to mixer NMOS mismatches. The receiver 11P2

confidence interval is [24.674, 24.77] dBm for NMOS switches % mismatch and

[24.659, 24.857] dBm for NMOS switch Vy mismatch. This shows no significant
behavioral variations in the receiver's front end linearity performance. Therefore, the
proposed UWB receiver front end circuit meets UWB specifications perfectly, which
makes it a good candidate for WBAN applications.
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