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Abstract. A low noise amplifier (LNA) operating at millimeter wave
(mmWave) frequency and a down converter suitable for IEEE 802.11ad receiver
is designed in a 65 nm radio frequency (RF)-CMOS low leakage (LL) process.
These designed blocks are integrated in a super heterodyne receiver architecture
and the overall performance of the receiver is analyzed. The designed LNA
gives a performance metric of 20 dB of gain, 1.7 dB of noise figure (NF) and
−7.78 dBm of IIP3. Modified Gilbert cell topology is used for down converter
which gives a conversion gain of 1.5 dB from 57 GHz to 66 GHz, input P1dB of
−7.8dBm and IIP3 of 8.78 dBm with RF at 57.24 GHz from a 1.2 V supply
voltage and a 1Vpp of local oscillator (LO) drive. The obtained IIP3 is 10.08 dB
higher than the conventional Gilbert cell and offers an error vector magnitude
(EVM) improvement of −23 dB at the receiver. This work provides RF
designers a comprehensive understanding of system and circuit level on pre
silicon base.
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1 Introduction

The millimeter wave (mmWave) IEEE 802.11ad standard operating at 60 GHz offers
very high throughput of multi Giga bit data [1]. The standard specifies 4 channels each
with a bandwidth of 1.08 GHz and uses higher order (even up to 1024) of modulation.
Although, mmWave based 5G cellular design would be quite different but developers
and designers might use the skills and evaluation/measured data from this 802.11ad
standard to understand the functionality of new generation networks [2]. The circuit
and radio designer would consider some of the parameters and fine tune the circuits to
operate perfectly in cellular system. With multi Giga bit data, the standard is likely to
penetrate the indoor environment, hot-spot, airport like location; making it ubiquitous.
However, the communication range is very limited to 10 m or so. Additionally, radio
frequency (RF) components such as low noise amplifier (LNA), mixer in receiver and
power amplifier in the transmitter chain play important role in the overall performance
of the system.
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Design of RF components in this mmWave frequency with wide bandwidth, high
linearity is challenging. RF impairments in each building block of the receiver would
greatly affect the overall performance [3]. Furthermore, any block in the RF chain is
heavily dependent on the other circuits [4]. Thus, a system level analysis becomes
essential in order to satisfy the requirements of error vector magnitude (EVM) for the
wireless standard 802.11ad. EVM measures the distance of the received signal points
from the ideal location in a signal constellation and is used to quantify the performance
of a transmitter or receiver. Additionally, the higher modulation schemes are adversely
affected by RF impairments and reduce the acceptable data rate. This work mainly
concentrates on design of RF components in the receiver such as LNA and down
converter. The suitability of the designs is analyzed at system level for 802.11ad
standard. Particular attention is paid to improve the noise figure, linearity and gain
flatness of the receiver blocks.

In this work, a complete direct conversion and heterodyne architecture based
transceiver is developed for IEEE 802.11ad [5] using our designed LNA and mixer.
Common source (CS) cascade topology is used for LNA. Modified Gilbert cell
topology is used for down converter. Various improvements, such as; gain, linearity
and isolation are obtained by fine tuning the design. These values are improved from
any existing design available in the literature. Furthermore, analysis of each module is
carried out for the suitability of IEEE 802.11ad standard. The system level heterodyne
receiver including the designed LNA and RF down converter offers an EVM of
−32.24 dB for 802.11ad 16QAM baseband signal. A detailed RF budget analysis is
carried out to validate the performance of the designed components of LNA and the
mixer. The overall NF is 5.377 dB for a heterodyne receiver. IIP3 and SNR of the
whole system is −9.688 dBm and 28.26 dB respectively.

The contents of the rest of the paper are as follows. Design of RF components such
as LNA and down converter and its nonlinearity issues are described in Sect. 2. System
level of heterodyne receiver for 802.11ad wireless standard and specification of each
block are presented in Sect. 3. Simulation results and impact of nonlinearity of down
converter on EVM are explained in Sect. 4 while, Sect. 5 concludes the paper.

2 Design of Receiver Components

2.1 Design of Low Noise Amplifier

LNA is an important component in any RF receiver and used for amplifying the signal
level without increasing the noise floor. One of the key specifications of an LNA is its
noise figure. The noise factor is the ratio of actual output noise to that which would
remain if the device itself did not introduce noise. The noise figure is the noise factor
expressed in decibels (dB) [6]. A common source cascode topology is used for
implementing LNA. Though, the topology is common, modification is incorporated to
fine tune and obtain enhanced performance. The schematic of 60 GHz LNA is shown
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in Fig. 1. The design is completed using 65 nm UMC low leakage, low threshold
voltage, CMOS RF transistors (N_12_LLLVTRF). Important design equations of LNA
are [7, 8]:

Zin ¼ jx Ldg þ LTL
� �þ 1

jxCgs
þ gmLTL

Cgs
ð1Þ

LL1 ¼ 1
x2 CCþCdsð Þ ð2Þ

where, Zin is the input impedance. LTL is the inductance corresponds to the transmission
line, at the input (tlinp in Fig. 1), which is used to tune out Im{Zin} along with
degenerative inductor Ldg. Cgs and Cds are the parasitic capacitances at the gate and
drain. CC is the coupling capacitor between stages. Load inductance LL1 resonates with
CC and Cds at the operating frequency x.

The dimension of the transistors M0, M1 are 22� 1 lm � 60 nm. The second stage
transistors are sized a bit larger in order to provide higher gain. Size of M2 and M3 is
26� 1 lm� 60 nm. A high transconductance gm is obtained by maintaining high
aspect ratio. Two middle inductors Lm1 of 87pH and Lm2 of 73pH are connected in the
midway of the cascode structure. Together with parasitic capacitances of the transistors,
it increases the unity current gain frequency, fT to 260 GHz. Figure 2 shows the
improvement in fT with the presence of Lm. The inductors LL1 of 160pH and LL2 of
190pH are designed to resonate at fundamental frequency together with cds of M1 and
M3 as in Eq. (2) [9]. Li of 139pH is used for blocking the RF signal from going to the
bias circuit. A 97pH of Ldg is connected as a degenerating inductor at the source of M0.

Fig. 1. Schematic of LNA
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Ldg plays an important role in gain and the stability. A padding capacitance of 25fF,
input and output capacitance of 55fF and 38fF respectively are selected as part of the
matching network. A coupling capacitor between the stages is chosen to be 210fF to
resonate at the operating frequency as in Eq. (2). The presented circuit is designed for a
VDD of 1:2V.

2.2 Design of RF Down Converter

RF down converters or the mixer performs frequency translation of baseband modu-
lated signals by multiplying it with a local oscillator (LO) signal. Commonly used
Gilbert cell is chosen for the frequency down conversion as it has good LO isolation
and is the best choice for heterodyne architectures [4]. The basic Gilbert cell mixer is
shown in Fig. 3. In this design, we have modified the circuit to enhance the
performance.

With the abrupt switching of LO signal, the circuit of down converter produces
spurs of RF signal. If the LO signal is not having an abrupt switching, then the down
converter will suffer a lower gain and higher noise. Thus LO waveform is chosen to be
square wave to ensure abrupt switching and having maximum conversion gain
(CG) [4]. The frequency converting action of mixer is characterized by conversion gain
or the loss. The voltage conversion gain is the ratio of root mean square (RMS) voltage
of the intermediate frequency (IF) output to RF input signal.

The LO transistors are to be switched perfectly for the multiplication function of
modulated baseband input signal and LO signal. To get a fast slew rate, we made the
swing of LO to be large. LO bias is avoided here for ensuring complete switching off of
the balanced pair. Thus, the first step in the design was to device a switching transistor
which gives an abrupt switching characteristics.

Fig. 2. Improvement on fT with the presence of Lm.

20 S. Pournamy and N. Kumar



The design uses 65 nm UMC low leakage low threshold voltage, CMOS RF
transistors (N_12_LLLVTRF). Each transistor is chosen to have a length of 65 nm and
width per finger of 1 µm. The analysis of switching characteristics is done for the
carrier frequency of 58.32 GHz as LO frequency, the central frequency of channel 1 in
IEEE802.11ad and assured a low rise time. The width of LO transistors (M1, M2, M3,
M4) in Fig. 3 is chosen to be 13 µm with an LO peak to peak of 1 V.

The next step in the design of a down converter is to determine the appropriate size
of the RF transistors to trade off noise figure and maximum frequency of oscillation
(fmax). Maximum frequency of oscillation is commonly used as a figure of merit of the
transistors and is defined as the frequency at which the extrapolated power gain falls to
unity. The value of fmax depends on sizing, bias conditions, as well as transistor
resistive loss and layout parasitic [9]. Figure 4 shows the tradeoff of fmax and NF.

The RF transistor width is varied from 0.5 µm to 50 µm. Figure 4 shows minimum
noise figure and maximum unity gain frequency which can be achieved for a finger
width of 17 µm to 30 µm. A supply voltage of 1.2 V and a bias voltage of 0.5 V is
chosen [10]. After fixing the bias voltage and number of fingers for minimum NF and
maximum fmax, the gm of the RF transistors are made high to get a high conversion
gain. The requirement has to be satisfied for a low Vds. Since the power supply is only
1.2 V, there is no enough head room for the Vds of the RF transistors to vary. The
transistors are made in saturation region in order to obtain high gm and low Cgd values.
Thus as a conclusion, we need to choose a large width for providing high gm, which
will intern help to saturate the transistors at low Vds. For low noise also, large width is
preferred. Thus the width of the RF transistors is fixed at 28 µm.

Modified double balanced Gilbert cell is used to achieve high linearity and better
return loss. The schematic diagram of the modified Gilbert cell is shown in Fig. 5.
A pair of PMOS transistor M7 and M8 are used as active load and in order to achieve
sufficient bandwidth and gain with the limited voltage head room available. These load
transistors are biased to strong inversion region with a width of 29 µm.

Fig. 3. Basic Gilbert cell down converter
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Feedback resistances, Rf is used at the load for high output impedance. This will
prevent any decease of CG at low LO power. Degenerative inductors L2, L3 and L0, L1

at the RF input are used for matching the differential input 50 X. The design equation
of the matching circuit is given as:

Zin ¼ jxL2 þ 1
jxCgs

þ gmL2
Cgs

þ jxL0 ð3Þ

where, the variables have usual meaning. Equation 3 is derived with the assumption
that Cgd is negligible and assume that node between source resistors is at virtual
ground. For a perfect match and resonance, equate gmL2

Cgs
to 50X and x2 ¼ 1

L2 þ L0ð ÞCgs
,

Fig. 4. fmax and NF variation with respect to Number of fingers of the RF transistor

Fig. 5. Modified Gilbert cell
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along with a transconductance, gm ¼ 20:73m and Cgs ¼ 28:57fF, L2 and L0 are cal-
culated to be 2:0796 � 10�10 H and 1:891 � 10�11 H respectively.

2.3 Nonlinearity Issue of Down Converter

In this paper, the linearity issue in down converter is studied in detail. These RF
impairments can be compensated only by the proper designing of RF components. For
predicting the effect of RF impairments on receiver performance, a detailed analytical
study is required. EVM, a measure of how far the constellation points are from the ideal
locations can be evaluated using Eq. (4). The actual constellation points will deviate
from its ideal locations by various imperfections in the implementation of transmitter
and receiver.

EVM ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E vo � vref
�� ��2
E vref
�� ��2

vuut ð4Þ

where vo is the output of down converter and vref is the reference signal without any
imperfections. Here the EVM variation due to the no idealities of the down converter is
considered. Any non-linearity in the output of the down converter signal can be
expressed as its baseband equivalent signal.

v0 ¼ a1 vI þ jvQð Þþ a3 v3I þ jv3Q
� �

ð5Þ

where a1 and a3 represent the linear and third order nonlinearity of the I/Q signal gains.
IIP3 of a circuit and these gains are related to:

IIP3 ¼
ffiffiffiffiffiffiffiffiffiffiffi
4
3
a1
a3

����
����

s
ð6Þ

The reference signal will be compressed due to the nonlinearity present in the
circuit.

vref ¼ C vI þ jvQð Þ ð7Þ

where C is the compression factor and is defined as [11, 12]:

C ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a21 þ 2a1a3kþ a23k

2
q

ð8Þ

and

k ¼ v31 þ jv3Q
vI þ jvQ

ð9Þ

Substituting (7), (8) and (9) in to (4),
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EVM due to IIP3 can be estimated as

EVMIIP3 ¼ 1
C

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a1 � Cð Þ2 þ 2 a1 � Cð Þa3kþ a23k

2
q

ð10Þ

when there is no nonlinearity present, a3 ¼ 0 and C ¼ a1; and EVMIIP3 ¼ 0 as
expected.

Each impairment affects the overall EVM. The net EVM in a receiver is the
contributions due to these circuit no idealities.

EVM2
overallR ¼ EVM2

DIQ þEVM2
LO þEVM2

IIP3 ð11Þ

EVM due to the components in transmitter are not considered here. For example the
EVM due to power amplifier’s AM-AM conversion and AM-PM conversion are not
included in the analysis. EVM degradation due to LO leakage is also discarded as it
affects for direct conversion receivers only.

3 System Level Development of IEEE 802.11ad Receiver

A system level simulation of heterodyne receiver is carried out to suit the
IEEE802.11ad standard. The frequency allocation of the four channels in 802.11ad and
its central frequencies are as shown in Fig. 6. The channel extends from 57.24 GHz to
65.88 GHz and having four channels. Each channel is 1.08 GHz wide and having
central frequencies as in Fig. 6. The analysis of RF components and the receiver are
carrier out to ensure satisfactory performance in these four channels.

The performance metric of the receiver are error vector magnitude (EVM), signal to
noise ratio (SNR), linearity, and the noise figure.

The main challenge in the design of RF components is to reduce EVM by reducing
the RF impairments. A stand-alone LNA or down converter design is no longer
meaningful as its performance heavily depends on the other circuits in the RF chain.

Figure 7 shows the architecture of the receiver and its analysis setup for the
measurement of EVM in cadence virtuoso environment. The models and the mea-
surement components are chosen from the rfLib.

Fig. 6. Channels defined in IEEE 802.11ad standard
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System level receiver is analyzed with designed components and components from
references. The obtained receiver EVM with the designed LNA along with mixers in
the references are tabulated in Table 1. Table 2 lists the EVM of the receiver with
designed down converter and some LNAs from literature. These values are tabulated
for channel 1 of IEEE 802.11ad with an LO frequency of 58.32 GHz.

The EVM is found to be −32.24 dB using the designed LNA and down converter
along with other RF components. Specifications of the RF components other than LNA
and down converter are listed in Table 3.

Fig. 7. Architecture of the receiver for IEEE 802.11 ad/ay and a system level performance
analysis simulation set up for EVM.

Table 1. Estimated EVM for the receiver with designed LNA along with mixers in references.

Designed LNA
specifications

Down converter 1
specifications [5]

Down converter 2
specifications [13]

Down converter 3
specifications [14]

Gain = 20 dB CG = 1 dB CG = 0 dB CG = 2 dB
NF = 1.7 dB NF = 17 dB NF = 16 dB NF = 3 dB
IIP3 = −7.78 dBm IIP3 = −7.5 dBm IIP3 = 9.5 dBm IIP3 = −8 dBm
EVM −20.4087 dB −27.5540 dB −21.9024 dB

Table 2. Estimated EVM for the receiver with designed down converter along with mixers in
references.

Designed down converter
specifications

LNA 1 specifications
[15]

LNA 2 specifications
[16]

CG = 1.5 dB Gain = 14.6 dB Gain = 18.7 dB
NF = 7 dB NF = 5.5 dB NF = 5.2 dB
IIP3 = 8.78 dBm IIP3 = −6.8 dBm IIP3 = −6.5 dBm
EVM −34.1053 dB −31.9145 dB
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4 Results and Discussions

4.1 Performance of LNA and Down Converter

The designed LNA has a uniform gain of 20 dB around the required band of interest as
shown in Fig. 8(a). Input and output return losses S11 and S22 are both less than−10 dBm
in 57–66 GHz band. Wide band matching is achieved using transmission lines. NF is

Table 3. Characteristics of other components in the RF chain.

BPF IF filter IQ demodulator LPF

Filter order = 3 Filter order = 3 NF = 2 Filter order = 3
Insertion loss = 3 dB Insertion loss = 1 dB I mixer

gain = 0 dB
Insertion loss = 0 dB

Central
frequency = 57.24 GHz

Central
frequency = 1.08 GHz

Q mixer
gain = 0 dB

Corner
frequency = 1.08 GHz

Relative
bandwidth = 37 m

Relative
bandwidth = 49 m

Fig. 8. (a) S21, S11, (b) NF, (c) Kf, B1f and (d) IIP3 of LNA
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approximately 1.7 dB as plotted in Fig. 8(b). Figure 8(c) shows that the stability factor
(Rollet factor) kf which is greater than 1 and the alternate stability factor B1f is less than
unity for the entire band of interest. Thus, the designed LNA has a very good stable
characteristic as it satisfies the stability criteria [8, 17]. IIP3 of LNA is plotted in Fig. 8(d)
and is found to be at −7.78 dBm.

c)(

(a) (b)

Fig. 9. (a) Mixer output and its spectrum, (b) CG vs RF frequencies and RL, (c) Spectrum of IF
output signal, (d) NF for the down converter, (e) RF-IF isolation and (f) P1dB of mixer
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Down converter output is plotted in Fig. 9a. Since there is matching networks at the
RF side, the RF return loss is < −10 dB for the entire band of interest. This is plotted in
Fig. 9(b). CG of 1.5 dB is also shown in Fig. 9(b) for the frequency range of 57 GHz
to 66 GHz. The spectral purity can be seen in Fig. 9(c). The NF is around 7 dB for the
band of interest and is illustrated in Fig. 9(d). Figure 9(e) shows the RF to IF isolation
and is around −35 dB. Linearity of down converter, 1 dB compression point, P1dB is
found to be at −7.8 and is shown in Fig. 9(f). The simulation results in Fig. 10 shows a
significant linearity improvement of IIP3 while maintaining good CG and wide IF
bandwidth. The IIP3 of the modified double balanced down converter is found to be at
8.78 dBm and is 10.08 dB more in compared to the conventional Gilbert cell topology
having an IIP3 of −2.3 dBm.

Tables 1 and 2 in Sect. 3 also show the comparison of previously reported LNA
and RF down converters in various technologies and topologies with the designed LNA
and down converter.

d) e)( (

(f)

Fig. 9. (continued)
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4.2 Impact of Nonlinearity of Down Converter on Receiver Performance

The IIP3 of the down converter has been improved from −2.3 dBm to 8.78 dBm by
modifying the commonly used Gilbert cell configuration. The EVM was found to be
−9.213 dB, for an IIP3 of −2.3 dBm. By improving the linearity of the down converter
to an IIP3 of 8.78 dBm, EVM has been reduced to −32.24 dB.

Figure 11 shows the simulated and analytical EVM improvement with respect to
different IIP3 values. The deviation in graph is due to the contributions of other
components such as EVM due to I/Q imbalance, EVMDQ, phase noise of local oscil-
lator, EVMLO as in Eq. (11). Those contributions can be considered as an additive term
to the present EVM variation.

The constellation of 16QAM signal for EVM of −9.213 dB is shown in Fig. 12(a)
and the constellation corresponding to an EVM of −32.24 dB is given in Fig. 12(b).

Table 4 shows the comparison table of receiver in terms of EVM for IEEE
802.11ad channel 1 for 16QAM with the results in [5]. In [5] a complete transceiver is
implemented and the measured EVM was −24.6 dB, −23.9 dB, −24.4 dB and
−26.3 dB for channel 1, 2, 3 and 4 respectively for 64QAM. For 16QAM, the EVM for
the entire transceiver was measured to be −24.6 dB, −24.1 dB, −24.6 dB, −27.0 dB
and −17.2 dB for channel 1, 2, 3, 4 and channel 1 to 4 bonding. A 7 dB improvement
is observed in comparison with [5].

Fig. 10. IIP3 improvement in modified down converter
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RF budget is calculated for the cascaded receiver in Fig. 7 and is displayed in
Fig. 13. The IIP3, NF, Gain of the entire receiver is −10.68 dBm, 5.597 dB and
14.83 dB respectively. SNR of the entire receiver is 28.04 dB. This is reasonably good
for a 16QAM modulation to get a bit error rate of 10−15 [18].

Fig. 11. Improvement in EVM for different values of IIP3 of down converter.

Fig. 12. Constellation of 16QAM for EVM of (a) −9.213 dB and (b) −32.24 dB.

Table 4. Comparison table of the receiver in terms of EVM

EVM

[5] −24.6 dB
This work −32.24 dB
a[5] is the implementa-
tion result of complete
transceiver.
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5 Conclusion

An EVM of −32.24 dB is observed for 16QAM in channel 1 of IEEE802.11ad stan-
dard. SNR of the entire receiver is 28.04 dB. This is reasonably good performance for a
16QAM modulation to get a bit error rate of 10−15. These performances are supported
by flat gain characteristics of LNA and down converter. Designed LNA and down
converter has a linearity of −7.78 dBm and 8.8 dBm of IIP3. A return loss lesser than
−10 dB ensures the stability criteria. NF of 1.7 dB for LNA and 7 dB for the down
converter is also observed. These are improved and optimum performance parameters
(based on exhaustive simulation and analysis) for the standard with the modified LNA
and mixer. However, with fabricated chip, the performance needs to be evaluated.
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