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ABSTRACT This paper presents a vector topology of a monolithic microwave integrated circuit (MMIC)
capable of performing several radiofrequency (RF) functionalities essential for future wireless communica-
tions and geolocation in themillimeter frequency band. The proposed circuit can address several usagemodes
such as conventional frequency heterodyning for high-speed IQ modulation and demodulation. In addition,
the device can be configured in six-port quadratic detectionmode to achieve optimum power added efficiency
(PAE). The topology developed in 65 nm FDSOI CMOS technology achieves broadband V-band frequency
operation and combines vector precision for both high data rates and phase state determination. The results
presented concern QPSK modulation schemes at data rates up to 4 Gbps as well as essential geolocation
metrics such as time domain of arrival (TDoA) and angle of arrival (AoA). The combination of vector
accuracy/PAE together with wide linear operating range makes this topology a viable candidate for next
generation radio frequency systems.

INDEX TERMS Monolithicmicrowave integrated circuit (MMIC), IQmodulation/demodulation,millimeter
wave, six-port technology, time domain of arrival (TDoA), angle of arrival (AoA).

I. INTRODUCTION
A tremendous amount of 5G and 6G future applications
rely on microwave or millimeter (mm-wave) wave sys-
tems [1]. This market will continue to drive the increase
of the utilized frequency spectrum as well as the required
bandwidth [2]–[4]. Common andwell-established approaches
for microwave and mm-wave systems are mostly based on
active circuitry today, like heterodyne or homodyne architec-
tures [5], [6]. The benefits of using active microwave systems
are good sensitivity and dynamic range combined with good
miniaturization capabilities. However, all these active stages
require power for their operation and several auxiliary stages
with limited power efficiency (PAE). The PAE becomes a
critical factor in future systems, aiming at high frequency
and high data rate. Active circuitry requires energy for its
operation, so PAE cannot be the maximum if auxiliary
stages must be used. This fact will cause severe energy
resource problems, concerning the envisioned wireless and
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digitalization trend for using millions or even billions of such
systems in the future and expanding the operating frequency
range as well as bandwidth.

There is an urgent need to adapt radio frequency (RF)
devices and circuits to these new usages. In particular,
future wireless systems need to provide multiple func-
tionalities to minimize the overall footprint and energy
balance [2], [7]–[9]. Moreover, the use of higher frequencies,
particularly in the millimeter-wave frequency range, has been
confirmed through successive generations of radio communi-
cation networks.

In this context a quasi-passive approach comes into
play: The Six-Port architecture [10]. Initially developed
for microwave network analysis, this approach has been
addressed to generic direct-conversion system, receiver as
well as transmitter in 1994 [11], [12].The six-port technol-
ogy utilizes only a few active components, e.g., a sinusoidal
local oscillator and a low noise or power amplifier [13]–[17].
No additional active stages are required. This pushes the PAE
to the maximum and simply outperforms commonly used
active circuitry concerning energy efficiency. Although the
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Six-Port’s drawbacks, i.e., low sensitivity and dynamic range,
limit the penetration of related applications in the microwave
frequency range, the Six-Port approach will be extremely
beneficial for future systems, especially for applications in
the mm-wave frequency range [18]–[25].

The authors have contributed to the dissemination of the
Six-Port technology for microwave and mm-wave vector
network analysis [26]–[30], telecommunications and local-
ization [31]–[33], short-range radars [34], [35] and electro-
magnetic sensing [36], [37]. Based on our previous works,
the authors propose a fully integrated V-band architecture
to provide both localization and modulation/demodulation
functionalities. Each of these functionalities has already been
demonstrated at the scale of a monolithic integration with
high performance and level of integration [38]–[42]. The
motivation of this study is to highlight the possibility of
realizing all these functionalities from the same stand-alone
MMIC topology which could be involved in a more complete
system. The main idea is to combine advantages of both
heterodyne and six-port technologies that can operate as a
function of available millimeter-wave power. In Section II,
the design of the proposed Millimeter-wave Monolithic Inte-
grated Circuit (MMIC) is presented in detail by decomposing
the overall behavior into two distinct modes based respec-
tively on heterodyne frequency mixing and six-port detec-
tion. Section III demonstrates the intrinsic performance in
terms of bandwidth, vector accuracy and energy efficiency.
Experimental performances in V-band are then presented
with emphasis on the linear operating range and the wideband
behavior of themodulation and demodulation functions of the
vector topology. In Section IV, the detection and extraction
functions of the TDoA andAoAmetrics required for geoloca-
tion at 60 GHz are described. The fusion of these AoA/TDoA
metrics as well as the performances are demonstrated.

II. DESIGN OF THE MMIC FOR MULTI RF
FUNCTIONALITIES
In this section, we introduce the topology which is the object
of the study aiming at demonstrating the possibility of real-
izing the functionalities of modulation/demodulation on the
one hand and quadratic detection of localization specific
metrics on the other hand. Indeed, CMOS technology has
made it possible to reach millimeter frequencies for several
years: these offer the advantage of being able to integrate
radio frequency and digital functions on the same chip. The
energy consumption is limited by the low supply voltage of
around one volt, which makes it possible to reach emission
powers of up to several tens of milliWatts: this order of
magnitude makes them compatible with several applications.
A new generation of RF front-end can provide several func-
tionalities on the same chip. Among the candidates allow-
ing this plurality, direct conversion architectures seem to
stand out in particular. Indeed, their ability to operate in the
vector domain gives them an additional degree of freedom
allowing them to pool several functionalities within the same
MMIC.

FIGURE 1. Synoptic of the overall MMIC topology (modulation
configuration).

A. GLOBAL TOPOLOGY
In this sub-section, we focus on the overall architecture:
Fig. 1 describes this overall architecture based on the topol-
ogy of a direct-conversion IQ modulator/demodulator, both
up and down frequency conversion. The design requires over-
coming several limitations related to the fact that the different
local oscillator (LO) and RF microwave inputs both operate
in the same millimeter wave range. It is therefore essential
to be able to contain the cross-talks between the different
channels. This is made possible in particular by the play of
phase shifts as described below. From a global point of view,
this architecture includes one differential LO input, one RF
port configurable in input or output mode, and four baseband
ports corresponding to the differential in-phase I+, I− and
quadrature Q+, Q− signals. By adjusting the phase shifts,
the leakage of the signal provided by the local oscillator (LO
signal) is cancelled and the baseband I and Q channels are
balanced. For this purpose, this vector topology of MMIC is
illustrated in Fig. 1. The phase shifts, provided by differential
LO inputs together with quarter-wavelength λg/4 transmis-
sion lines (TL), are induced on the four different baseband
ports are 0◦, 90◦, 180◦ and 270◦ respectively. The differential
signal of the 60 GHz LO is distributed over the four baseband
channels using two active power splitters. These provide the
necessary isolation (>25 dB) between the different baseband
channels and amplify the signals distributed in this way.

B. ACTIVE PHASE SHIFTER
This subsection is devoted to the power dividers whose role
in the overall topology is described in Figure 1 and whose
design is critical to the global operation. Fig. 2(a) shows
the electrical diagram of the active power splitters. Each of
these active power dividers consists of two 50 Ohm cascode
stages matched at the input and output. The matching net-
work is designed in coplanar technology (CPW) to ensure
matching and maximum gain. Each cascode stage consists
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FIGURE 2. (a) Electrical schematic of the active power splitter.
(b) Electrical schematic of the n-MOS mixer.

of two transistors with 50 µm gate width a 60 nm gate
length with 40 gate fingers. The common source transistors
are biased by an external voltage V0 = 0.6 V on the gate
via high value poly-silicon resistors. The bias of the com-
mon gate transistors is connected to the supply voltage VDD
(V1 = 1.2 V) to get maximum gain. The RF decoupling
between the stages and the RF shunts at the end of the
line are realized with metal-oxide-metal (MOM) capacitors.
In particular, capacitance values of 1.5 pF and 25 × 25 µm2

are used. The power gain of the cascode amplifier is equal
to 5.5 dB with a 1 dB output compression point (OCP1-dB)
of 6 dBm. At the 60 GHz frequency value, the simulated
characteristics of the power splitter are the following: the
isolation between each of the two outputs and the input is
equal to 25dB (19.5 dB between the two outputs). The trans-
mission parameters are equal to 2.3 dB between the input and
the outputs while the reflection coefficients are respectively
equal to −9.1 dB for the splitter input and −17dB for the
outputs. The inverse isolation of 25 dB is a crucial param-
eter that prevents the dialogue between the four different
ways.

C. PHASE SHIFTER AND MIXER
After having described the power divider, we are interested
in mixers and phase shifters whose vocation is to allow to
operate in the vector domain. A phase-shifter is associated to

each power splitter in order to generate replicas of the LO
signal with quadrature phase-shifts. The equal distribution
of the input power to the output ports guarantees the ampli-
tude balance between them. The design of the phase shifter
determines the accurate phase balance between the I and Q
differential channels (subsequently referred to as I+, I− and
Q+, Q− signals.)
The −90◦ phase shift is performed at 60 GHz using an

additional transmission delay line. In concrete terms, this
phase-shift deviates from −90◦ only slightly around the cen-
ter frequency. Then four mixers operate four frequency beats
in parallel. These frequency beats result in an upward or
downward frequency conversion, depending on whether the
MMIC operates as a modulator or demodulator respectively.
Eachmixer involves an n-MOSFETwhose gate only is biased
to minimize conversion losses. As described in Fig. 2(b),
the source is connected to ground and the drain to the 50 Ohm
RF port decoupled by a capacitor, thus preserving the DC
power consumption that is zero at rest.

III. OPERATING MODES
At this stage of the description, two very distinct operating
modes should be considered. The first one is the heterodyne
mode for which the modulation/demodulation functionalities
are examined. The second mode is the quadratic mode which
is directly involved in the extraction of AoA and TDoA.

A. HETERODYNE MODE
The first mode corresponds to the case where the order of
power of the LO signal power is close to the milliwatt. This
mode corresponds to the conventional heterodyne architec-
ture to address IQ modulation and demodulation functions.
In this case, each mixer is simultaneously pumped by each
of the phase-shifted contributions of the LO signal and can
be considered, as a first approximation, as a switch in the
ON or OFF state. This hashing in the time domain induces
the frequency transposition of the desired incident signal.
This frequency transposition can be up-conversion or down-
conversion. By adjustments of the phase-shifts, when I+, I−

and Q+, Q− signals are configured as input signals (at VD
access), the MMIC allows to realize the functionality of a
vector modulator. Therefore, the equation of the output signal
RF(t) can be expressed as follows:

RF (t) = kI .
(
I+ (t)− I− (t)

)
. (cos(ωLO.t + θLO)

− kQ.
(
Q+ (t)− Q− (t)

)
.(sin(ωLO.t + θLO) (1)

In the case of down-conversion, the RF(t) signal is config-
ured as an input signal and the I+, I− and Q+, Q− signals then
correspond to output signals. After digital filtering applied
off-line after sampling the signals. These signals thus result
from a convolution (∗) with the impulse response hBF (t)
of these digital Low Pass (LP) filters. Typically, these one
correspond to root-raised cosine filters with roll-coefficient
coefficients α = 0.35. By this way, the expressions of these
differential output signals (at VD access) are expressed as
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follows:

I+ (t) = hLP (t) ∗ [k I+.RF(t).
(
cos(ωLO.t + θ

′
LO

)
] (2)

I− (t) = hLP (t) ∗ [k I−.RF(t).
(
−cos(ωLO.t + θ

′
LO

)
] (3)

Q+ (t) = hLP (t) ∗ [kQ+.RF(t).
(
sin(ωLO.t + θ

′
LO

)
] (4)

Q− (t) = hLP (t) ∗ [kQ−.RF(t).
(
−sin(ωLO.t + θ

′
LO

)
] (5)

In both cases, the optimal power required for the LO signal
is −2 dBm.

B. QUADRATIC DETECTION MODE AND RELATED
SIX-PORT TOPOLOGY
The second regime corresponds to the case of quadratic
detection where the incident signals, LO and RF, both
have a microwave power not exceeding −20 dBm. Each
phase-shifted contribution of the LO signal is incident at
one end of one of the four passive mixers. The other ends
of the mixer receive a portion of the other RF signal. The
signals are then combined directly within the common source
n-MOSFET without the need for an additional power splitter
or coupler, thus avoiding an increase in overall space require-
ments.

As mentioned Fig 2. (b), VDo and VGo correspond respec-
tively to the Drain voltage and the Gate voltage at rest. The
VDG voltage (VDG = VDo − VGo), measured in DC opera-
tion when RF and LO signals are applied, then corresponds
to the quadratic sensing voltage. Considering the respective
expressions for the signals LO and RF, the detected voltage
can be expressed as follows:

sLO (t) = ALOej(ωLOt+ϕLO)

sRF (t) = ARFej(ωRF t+ϕRF )

VDG = γ |sLO (t)− sRF (t)|2

= γ
(
A2LO + A

2
RF − ALO.ARF . cos [(ωRF t + ϕRF )

)
− (ωLOt + ϕLO)]) (6)

The factor γ quantifies the sensitivity of each n-MOS
mixer. For each of the four contributions I+, I− and Q+,
Q−, the first of the two terms in relation (6) are rectified
signals, while the last contains, in sinusoidal form, the signal
of interest (amplitude and phase–shift).

IV. TIME DIFFERENCE OF ARRIVAL AND ANGLE OF
ARRIVAL ESTIMATIONS
We consider a configuration for which this vector topol-
ogy allows the detection of both the Time Difference of
Arrival (TDoA) and the Angle of Arrival (AoA) by quadratic
detection. As described in Fig. 3, the global system topology
involving the MMIC mainly comprises two patch antennas
followed by two low noise amplifiers. The power gain and
the noise figure are respectively equal to 42 dB and 6 dB.
The LO (differential) and RF (single-ended) signals received
and amplified are collected by the MMIC.

An essential parameter is the distance d between the anten-
nas that need to be set to the free-space half-wavelength (λ/2)
for AoAmeasurement. This distance requires to be of several

FIGURE 3. AoA/TDoA configuration involving the V-band vector MMIC.

free-space wavelengths for TDoA and closely depend on the
RF signal bandwidth. As a function of the distance d between
the antennas A1 and A2 and the waveform signal emitted
by the transmitter, the vector topology described above can
estimate the AoA as well as the TDoA. When d = λ/2,
the phase difference1ϕ = π .sin(AoA) can be extracted from
the differential I(t) and Q(t) signals. Typically, these signals
are expressed as follows:

I+ (t) = k1(A2LO + A
2
RF − 2ALOARF cos1ϕ) (7)

Q+ (t) = k2(A2LO + A
2
RF + 2ALOARF sin1ϕ) (8)

I− (t) = k3(A2LO + A
2
RF + 2ALOARF cos1ϕ) (9)

Q− (t) = k4(A2LO + A
2
RF − 2ALOARF sin1ϕ) (10)

To optimize the TDOA measurement, the distance d is set
to c/BW where BW is the bandwidth of the overall system.
In this condition, the TDOA can be extracted from the enve-
lope of the signal m(t) where:

m (t)2 = I+ (t) .I− (t)∗ + Q+ (t) .Q− (t)∗ (11)

For the experimental set-up, we have considered a fre-
quency bandwidth BW equal to 3 GHz resulting in a distance
d = 2c/BW, i.e. 5 cm to optimize TDoA extraction. The
I+, I− and Q+, Q− signals are acquired in parallel by a
4-channel Keysight R© scope with a sampling frequency of
10 GSa/s. The acquisition technique is based on triggered
records of these four signals. The recording time is set to
500 ns resulting in a number of samples equal to 50,000 per
waveform that are processed offline to determine the envelop
m(t) by using Equation (11). For several RF source positions,
TDoA values are then extracted from m(t) by an autocorrela-
tion algorithm.

V. RESULTS AND DISCUSSION
A. INTRINSIC PERFORMANCE
Concerning the tests, we first examine the performance of the
heterodyning mode by considering unmodulated sinusoidal
signals at the input: the LO inputs and the RF output at
60 GHz are respectively applied and collected on the MMIC
using on-wafer probes operating in V-band. The MMIC,
whose micrograph is presented in Fig. 4, is first tested by
considering the Single Side Band (SSB) mixer mode.
The experimental setup includes a power signal gen-

erator (Agilent R© E8257D PSG), a spectrum analyzer
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FIGURE 4. Micrograph of the overall MMIC topology (modulation
configuration).

(Rohde & Schwarz R© FSU67) and an arbitrary waveform
generator (Tektronix R© AWG 7102). In order to evaluate the
intrinsic SSB performance, the test bench is configured to
measure the image frequency rejection, which makes it possi-
ble to rule on the quality of the equilibrium in both phase-shift
and sustained amplitude between the different channels. For
this purpose, the arbitrary waveform generator provides four
synchronous sinusoidal signals with a phase shift of 0◦, 90◦,
180◦ and 270◦ respectively.

Fig. 5(a) and 5(b) show the measured conversion loss,
image frequency rejection and LO-RF isolation as a function
of the LO frequency. The frequency of the IF signal is set to
500 MHz in this case. In the frequency range from 57 GHz
to 66 GHz, the average conversion loss is 10 dB with a ripple
of less than 1 dB. These conversion losses are typical of a
topology involving cold transistors for the frequency mixing
which cannot produce any conversion gain. The LO to RF iso-
lations range from 31 dB to 43 dB. Image frequency rejection
is between 18 dB and 27 dB: this order of magnitude can only
be obtained if the balance between channels is ensured both
in amplitude and phase-shift since this parameter depends
directly on these balances, regardless of the type of active or
passive topology. This experimental result thus testifies to the
expected vector behavior. Fig. 5 illustrates the RF operating
bandwidth; in particular, the frequency response seen from
the input for a LO frequency of 60 GHz. This shows that the
3 dB bandwidth is close to 1.25 GHz as seen from the input,
while the image frequency rejection always remains above
15 dB over this range. Consequently, it can be concluded that
the RF 3dB fractional bandwidth is 2.5 GHz at the 60 GHz
center frequencywhich is suitable formodulations with a data
rate greater than 1 Gigabit/s.

It is important to consider the low power used by the
LO signal (−2dBm) to achieve these results. Also, the power
of the RF modulated signal is measured at the output of
the chip using a V-Band bolometer. Fig. 6 describes the
evolution of the power of the RF signal at the output of the
MMIC as a function of the input power. In this configuration
of polarization of each of the four MOSFETs involved in

FIGURE 5. (a) Experimental SSB performance versus input LO frequency.
(b) Experimental SSB performance versus input intermediate
frequency.

FIGURE 6. Measured RF output power (61 GHz) versus input IF power
(0.5 GHz).

the frequency mixing, a high 1dB output compression point
(1dBOCP) is obtained with respect to the absence of con-
sumption of the transistor. The excellent linear behavior of
the MMIC is highlighted. Indeed, its 1dBOCP is equal to
−6 dBm at 61 GHz while its power consumption is only
24 mW. The value of this parameter 1dBOCP is sufficiently
high not to penalize the overall emission chain. This means
that the energy efficiency is 6 pJ/bit when the data rate reaches
4 Gbps.
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FIGURE 7. (a) Measured power spectrum of the modulated signal.
(b) Measured constellation diagram of the modulated signal after
down-conversion. (QPSK – 1 Gbps – FLO = 60.5 GHz).

TABLE 1. EVM values (%) for a QPSK modulated signal at the MMIC RF
output (PRF = Pout 1dBc).

B. HETERODYNE MODE PERFORMANCE
In the first part of this section, we are interested in the
heterodyne functionality in the context of vector modulation.
This MMIC functionality is tested by considering a high
throughput QPSK modulation scheme. The modulation sig-
nals are injected at the I+, I− and Q+, Q− inputs at rates of
several Gigabits per second. In order to be able to quantify
the vector accuracy of this operation, the RF signal resulting
from this vector modulation is frequency down-converted
using an external mixer. This RF signal is then converted
into an intermediate frequency signal (IF = 1.5 GHz) which
is then sampled using a fast digitizing scope. The power
spectrum of the modulated signal is shown in Fig. 7(a).
The vector accuracy of the modulation performed by the
MMIC is then evaluated using vector signal analysis soft-
ware. The constellation diagram of the analyzed signal is
shown in Fig. 7(b). Table 1 summarizes the extracted error
vector magnitude (EVM)measured for the QPSKmodulation
scheme for increasing data rates up to 4 Gbps.

TABLE 2. EVM values (%) for a QPSK demodulated signal.

It can be noted that these results are obtained under severe
conditions since the power of the output RF signal has been
chosen equal to the compression point at 1dB (PRF = Pout
1DBc = −6 dBm) to collect these measurements. Another
point is the comparison between experimental results and
simulation results from the modeling of the MMIC based on
ADSCircuit Envelope simulation.We note a satisfactory con-
cordance between our behavioral model and the experimental
validation. It is estimated that the sources of divergence are
mainly due to the test bench: in particular, the influence of the
externalmixer also induces degradations through its own non-
linearities. Above all, the cables used limit the bandwidth of
the test bench and degrade the quality of the signal when the
data rates increase due to the higher spectral occupancy with
respect to the cut-off frequency of these cables. The phase-
shift/amplitude balance of the different channels announced
by the SSB measurements is confirmed by these new results:
since the EVM is less than 10% in this configuration, these
experimental results validate the MMIC’s vector modulation
functionality. One can judge the excellent combination of
precision/ power offered by this topology.

In the following, we focus the study on the vector demod-
ulation or IQ demodulation functionality of the MMIC. For
this configuration, we are limited by the test bench which
requires a referencemodulator to deliver a high-speed V-band
modulated signal free of imperfections. This reference mod-
ulator is essential to be able to isolate the imperfections
inherent to the MMIC configured as an IQ demodulator.
The MMIC itself has attractive modulation performances
for radio communications but these seem insufficient for
metrology, especially since our test bench does not allow
the cable de-embbeding. We therefore rely on the behav-
ioral model based on the Circuit Envelope ADS simula-
tions whose results have been confirmed by the experimental
results in the case of the MMIC configured as an IQ modu-
lator. The performances predicted by this model are listed in
Table 2.

As can be predicted theoretically, the simulation results
are similar to the case of modulation with relatively weak
vector errors. These results therefore presage a reciprocal
behavior of the modulation/demodulation functionalities for
this MMIC.

C. QUADRATIC DETECTION MODE
In order to evaluate the MMIC operating in quadratic detec-
tion, the measurement bench comprising two frequency gen-
erators (Keysight R© E8257D PSG) used to generate LO
and RF millimeter wave signals is modified. These genera-
tors are slaved on the same 10 MHz reference signal. The
signals thus delivered are therefore frequency-synchronous.
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FIGURE 8. IQ quadratic detection at 60 GHz. (a) Constellation of the IQ
reference symbols. (b) 3-dimensional fitting of the detected voltage Vdet
as a function of I and Q; F = 60 GHz. (• Measured voltages).

In addition, the phase-shift and attenuation between the two
waveforms are perfectly controlled. The measurement fre-
quency is 60 GHz and the power at the input of the MMIC
varies between −24 dBm and −19 dBm for the LO signal
and between −44 dBm and −24 dBm for the RF signal.
For each combination of phase-shift and power, the detected

voltages Vdet relative to channels I+, I− and Q+, Q− are
recorded. Phase -shift steps of 10◦ are considered in the
range 0◦ – 360◦. The average error is calculated from the
measured Vdet voltages in each case. In the above-mentioned
RF power range, the mean error is determined for LO power
values below −20 dBm. The resulting I and Q reference
data are depicted in Fig. 8. In this case, the mean error
is determined experimentally to be in the order of 1.3%.
Considering the compactness (die size: 1.54× 1.77mm2) and
power consumption (24 mW), this error obtained without any
calibration validates the functionality of detecting the vector
state of an incident RF signal in the context of an embedded
system.

Under these conditions, we measure a relatively constant
sensitivity for all frequencies between 50 GHz and 70 GHz.
Typically, this sensitivity is of the order of 1.6 mV/µW

FIGURE 9. Measured video bandwidth vs. RF frequency: voltage detected
as a function of frequency difference fRF - fLO.

FIGURE 10. AoA root mean square error at the test frequency 61 GHz.

at 60 GHz while the mixers are not polarized (zero-bias).
Also, the video bandwidth is evaluated by varying the fre-
quency difference fRF - fLO between the two millimeter wave
input signals up to 10 KHz. The experiments are performed
between 50 and 70 GHz. The resulting data are shown in
Fig. 9. Sensitivity and video bandwidth being competitive
parameters, the resulting video bandwidth, measured at a
3 dB fractional bandwidth, is of the order of 4 KHz at 60GHz.
The center frequency does not significantly affect the mea-
sured sensitivity and video bandwidth.

D. TDoA/AoA DETERMINATION BASED ON QUADRATIC
DETECTION MODE
As announced in Section IV, the combination of the detected
voltages is used to estimate the angle of attack when the
incoming RF signal is picked up by the receiver described
by Fig. 3. Then, the root mean square error (RMSE) asso-
ciated with the AOA estimate depends on both the received
signal power and the noise level. From the behavioral model
based on Circuit Envelope simulations, the evolution of
the RMSE is established in Fig. 10 as a function of the
signal-to-noise ratio (SNR) for received power values of
−19 dBm and −24 dBm at the inputs of the MMIC. For a
receive power equal to −24 dBm, the AoA RMSE remains
around 2 degrees even under unfavorable SNR conditions.
This highlights the robustness of the topology to thermal
noise.
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FIGURE 11. TDOA RMSE as a function of SNR – Fs = 10 GSa/s.

When the power is higher (−19 dBm), while the quadratic
detection regime is less proven, the degradation remains
contained since the AoA remains at an RMSE value less than
or equal to 7 degrees. Note that this value is obtained without
any calibration operation, which remains possible and is often
used in six-port topologies.

This model thus allows to establish a link between the AoA
accuracy and the received power as well as the SNR. In the
sameway, the accuracy of TDOA is evaluated. The sensitivity
of the MMIC does not induce any significant degradation on
the TDOA measurement. The sources of errors are mainly
caused by the acquisition method (digitizing scope) and
the extraction method (autocorrelation). With this operating
mode, time resolution and RMSE are strongly dependent on
the sampling frequency Indeed, the spatial RMSE related to
the TDOA is expressed by:

σTDOA =
2.c

fs.
√
SNR

(12)

Based on this expression, Fig. 11 shows the evolution of
the spatial RMSE (expressed in centimeters) as a function
of the SNR for a sampling rate of 10 GSa/s. Typically the
inaccuracy of the estimated TDOA is reflected in the distance
domain by a deviation between 5 and 20 centimeters. This
order of magnitude of the TDoA RSME is compatible with
most applications. Nevertheless, this performance must be
moderated by the use of a very high frequency sampler (10
GSamples per second) whose high cost may be a brake on
the development of this TDoA-based solution.

Based on previous measurements and simulations, a model
of the MMIC characteristics is built on Matlab, integrating its
frequency and non-linear imperfections in the vector domain.
On the basis of this model, a configuration of receivers
integrating this MMIC is considered to detect both TDoA
and AoA. As previously mentioned, the distance between
antennas is a crucial parameter. In the case of TDoA, this
distance is fixed at 5 cm while the value of 3 mm (λ/2) is
used for the estimation of the AoA. Fig. 12 compares the
performances of two locating systems: one comprises two
synchronous receivers operating only in TDoA mode and the
other consists of a single receiver allowing to combine the two

FIGURE 12. Estimated locations for the TDOA/TDOA combination
(2 receivers spaced 1.2 m apart on the x-axis) and for the TDoA/AoA
combination of a single receiver integrating the MMIC. Red dots:
TDoA/AoA data fusion; Blue dots: TDoA/TDoA data fusion; Green dots:
actual positions (dimensions are expressed in meters).

TABLE 3. Performance comparison table.

modes and to merge TDoA/AoA. In order to validate the per-
formance by a statistical approach, we considered more than
hundred positions with radial distances of up to 10 meters in
an intramural environment. The average error obtained is 28
centimeters in the case of TDoA versus 16 centimeters when
considering the TDoA/AoA data fusion, which fully meets
the specifications generally adopted for indoor geolocation
systems.
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E. PERFORMANCE COMPARISON
In order to assess the performance, we propose a comparison
table to compare the performance of different MMICs from
recent works.

This table shows that previous work has already high-
lighted the possibility of realizing the modulator or local-
ization features through topologies specific to these features.
The obtained performances are often superior to those pro-
posed by this work. Nevertheless, none of these topologies
allows us to assume a genericity of the usage modes (hetero-
dyning and quadratic mode) or a versability on the function-
alities in question.

Let us note that the topology proposes a size of MMIC and
a competitive power consumption allowing a future degree
of integration at the scale of a complete system integrating a
local oscillator and power amplifier in the case of transmitters
or low noise amplifiers in the case of receivers.

VI. CONCLUSION
It is now likely that the next generation of radio-frequency
systems will incorporate artificial intelligence (AI), enabling
them to better adapt to the constraints of their immediate
environment. The flexibility of RF front-ends appears to be
a prime candidate to allow this AI to develop. In this paper,
the authors have proposed a versatile topology of MMIC.
Although each functionality has already been demonstrated
by the scientific community at the scale of an MMIC with
superior performances in terms of bandwidth or accuracy,
this work shows the possibility of realizing these function-
alities on the basis of a single topology offering flexibility
on heterodyne and quadratic detection modes. Through this
work, the performances obtained show that it is possible
to achieve several radiofrequency functionalities as modula-
tion/demodulation as well as AoA/TDoA based localization
in V-band on the basis of the same heterodyne/six-port chip.
These results altogether demonstrate that the solution pro-
posed is a viable and relevant contribution to this deployment
perspective.
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