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Abstract

In this paper, the millimeter-wave (mmWave) multiple-

input multiple-output (MIMO) array aperture is studied for

the capability in estimating human postures in a contact-

free manner. A mono-static array with Mills cross topology

is utilized for transmitting and receiving the scattered fields

from a human body. The 3D image of the human body in

the radio "vision" of the array is thus synthesized using the

back projection algorithm. In order to conduct a quantita-

tive evaluation of the estimated target geometry associated

to postures, the 3D image moments are calculated as the

performance metrics. Furthermore, the influence of circu-

lar and linear polarization of antenna arrays on generated

images are demonstrated. It is shown that linear polarized

antennas can capture details of body in simple postures as

in standing, however circular polarized antennas can per-

form satisfactorily in more complex postures as in the sit-

ting. The investigation in this paper is instructive and trans-

ferable to specific hardware use cases in practice.

1 Introduction

There is a rapidly growing interest in exploiting mmWave

sensing for indoor, outdoor and vehicular environments for

assisted-living, assisted-care and assisted-communication

[1–3]. Privacy concerns for cameras and limitations of

LiDAR in harsh environment direct industry to incorpo-

rate radio wave information for sensing [4, 5]. MmWave

based contact-free posture estimation serves as a comple-

mentary scenario for LiDAR or image based target sensing.

Monitoring human posture is a necessity for fall detection

and preventive decision making [4]. Human posture esti-

mation by using radio-based technologies has been a re-

search topic for a while [6, 7] and nowadays is proceeded

to higher frequencies with allocatable large bandwidth and

large antenna elements [4]. With development of mmWave

transceivers and array antennas, high resolution sensing be-

came feasible for detecting the details of human body [8].

From the measurable radio propagation channel, the multi-

path parameters can be estimated and used for constructing

an image or forming a point cloud of object. Furthermore,

these sparse and incomplete point cloud can be processed

for posture classification using machine learning algorithms

[4, 5]. Hence the distribution of point cloud is decisive for

Figure 1. Human standing in front of a MIMO array,

red and blue squares are transmitters and receivers, respec-

tively.

a successful recognition of posture. The reconstructed im-

age based on the measured scattered field can vary with the

polarization of transmit and receive antennas [9]. Since the

radar cross section of human body depends on the polariza-

tion of incident field [10], we investigate the single person

in free space scenario, for the purpose of discovering the

influence of source antenna polarization on the posture es-

timation. In order to study the affect of various polarization

on generated point clouds, we chose different antenna po-

larization for the MIMO topology, then reconstruct the 3D

image by Back-projection (BP) algorithm. Quantitative cri-

teria, namely centroid and scaled standard deviation [11]

are then considered for the performance assessment of im-

ages.

2 Formulation

In this section, the algorithm for image reconstruction is

introduced. It follows with the definition of a performance

metric for evaluating image representativeness for posture

estimation.

Let us consider a general scenario in Fig. 1 where a human

model is located at a distance of zo from an antenna aperture

with NT transmitting and NR receiving antennas. The center

of aperture is aligned at the same height with the mass cen-

ter of body. A distributed target as the human body can be

modeled as multiple point scatterers and we consider a sin-

gle reflection from the point scatterer to the receive anten-

nas. According to BP algorithm [12], a reflectivity image



can be obtained by:

I(r) =
∫ kmax

kmin

dk
∫ LT max

LT min

drT

∫ LRmax

LRmin

drRS(rR,rT ,k)

[α̂R · G̃(rR,r,k)]∗

|α̂R · G̃(rR,r,k)|2
[α̂T · G̃(r,rT ,k)]∗

|α̂T · G̃(r,rT ,k)|2
(1)

where r represents position of a point scatterer, rT and rR
are locations of transmit and receive antennas. G̃(rR,r,k)
denotes the dyadic Green’s function and k = 2π f/c is the

wave number in free space. α̂T and α̂R are the polariza-

tion direction of transmit and receive antennas, respectively.

The measured scattered field by receive antenna is denoted

by S. The ∗ denotes the complex conjugation. LT max, LT min

and LRmax, LRmin are the boundaries for locations of trans-

mit and receive antennas, respectively and kmax, kmin are the

maximum and minimum wavenumbers, respectively. The

boundaries of integrals in (1) are determined by desired

range and cross-range resolutions [13]. Upon neglecting

cross-coupling terms, the dyadic Green’s function in the

far-field can be approximated by [14]:

G̃(r,r′,k)≈ e jk(r−r′)

|r− r′| Ĩ (2)

where r′ denotes the location of transmit or receive antenna

and Ĩ is the identity operator.

Spatial moments are useful tools for preliminary recogni-

tion of objects in an image. The spatial moment of order

(m,n, p) is defined as [11]:

Mmnp = ∑
x,y,z

xmynzpI3-D(x,y,z) (3)

where the summation is on all the image pixels and

I3-D(x,y,z) is the image intensity. The centeroid of image

which is the target location can be calculated as:

x̃ =
M100

M000
, ỹ =

M010

M000
, z̃ =

M001

M000
(4)

To have an estimation of the size of the target, scaled stan-

dard deviation (SSD) [11] can be defined as:

σ̃c =

√
∑x,y,z(c− c̃)2I3-D(x,y,z)

M000
(5)

where c represents the x,y or z and c̃ is the x̃,ỹ or z̃.

Figure 2. Mills cross array with 12 transmitters and 13

receivers.

3 Numerical Results

The simulation of scattered electric field is implemented

in Ansys HFSS based on the shooting and bouncing rays

(SBR) technique. Considering δz = 5 cm for the range res-

olution, the frequency of operation is chosen from f = 33.5
to 36.5 GHz with 61 samples based on B = c

2δz
and Δ f =

c
2Dz

, in which B is the bandwidth, Dz is the maximum range

in investigation domain which is 3 m here and Δ f is the fre-

quency sampling step. The resolutions of image in x and

y direction δx and δy referred to as cross-range resolution

depend on the aperture size and consequently antenna num-

bers [13], however sensing of only human posture may not

need high cross-range resolution so we consider a limita-

tion of 25 for the antenna numbers. Since the penetration

depth of electromagnetic waves in mmWaves is low and in

order to reduce the simulation time [15], the human body

is modeled as PEC (Perfect Electric Conductor). Human

models are created by an open source tool, the Makehu-

man [16] in standing, lying and sitting postures and located

at zo = 2 m distance from the center of antenna aperture as

shown in Fig. 3 (a)-(d). The aperture is at the center of co-

ordinate system and directed to the body. To benefit from

antennas in a larger aperture and improve the cross-range

resolution, conventional Mills cross array [17] as a sparse

MIMO topology is chosen where the topology and dimen-

sions are shown in Fig. 2. Each antenna has an idealized

beam cosn θ pattern with 45 degree vertical and horizontal

beamwidth. Scattered fields are generated by a maximum

number of 5 bounces and a ray density of 5 per wavelength.

S-parameters of these antennas are recorded and used as

the scattered electric fields in (1). As the array is designed

by assuming the target in a 2 m distance from the aper-

ture, a domain of [−1.5,1.5]m×[−1.5,1.5]m×[1,3]m is di-

vided into pixels with 5 cm length in x, y and z axes then

normalized 3D images are obtained. The point clouds are

generated and shown in Figs. 3 (e)-(h) for the array with x-

polarized antennas. Due to limited aperture of the array, a

perfect image of target can not be reconstructed. Depending

on the geometry of the target and the incident angle, only

a small number of rays is received by aperture and the im-

age is only a representation of points which had a reflection

in the receiving domain of the aperture [18]. The centroid

and SSDs of human with 4 postures are calculated as in

tables 1-4 for different antenna polarization. The RR con-

figuration is defined as transmit and receive antennas being

right-hand circularly polarized (RHCP). When the transmit

antennas are RHCP whereas receive antennas are left-hand

circularly polarized (LHCP), it is referred to as RL config-

uration [19]. The differences in image centroid and SSD of

standing postures and the values for an ideal image are ob-

served here since the perfect images are not reconstructed.

The y components of centroids (ỹ) have the most variations

among the centroid components with posture changes for

all polarization configurations. The changes in SSDs are

informative as well where the largest SSD component im-

plies the orientation of human body for standing in y-axis

or lying in x or z-axis and this is valid for all polariza-
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Figure 3. Human with 1.75 m height and 0.5 m shoulder width in (a) standing, (b) lying on z-axis (c) lying on x-axis and (d)

sitting posture in front of Mills cross array with x-polarized antennas, the image pixels with intensity more than 0.1 are shown

in the point cloud representation for (e) standing, (f) lying on z-axis (g) lying on x-axis and (h) sitting posture. The colors of

point clouds indicate reflectivity intensity.

tion configurations as observed in tables 1-4. Consider-

ing the geometry of sitting posture, the image should be

more distributed and result in almost equal SSD compo-

nents, where only RR configuration in table. 3 satisfies this

criterion whereas other configurations have a concentrated

image on the human torso and a small σ̃z which is not com-

patible with this sitting posture. Therefore, linear polarized

antennas demonstrate enough estimation of simple postures

as in standing or lying whereas the RR configuration might

provide better information from human body in case of a

complex posture as in the sitting. This can be due to the

discrimination of fields when scattering from human body

Table 1. Array with x-polarized antennas.

Posture
Centroid SSD

(x̃, ỹ, z̃) [cm] (σ̃x, σ̃y, σ̃z) [cm]

Standing (-1.0, 13.8, 194.6) (14.4, 17.5, 5.4)

Lying
(-2.4, -98.4, 243.2) (18.4, 17.9, 23.6)

in z-axis

Lying
(-6.7, -97.3, 188.5) (35.7, 27.6, 16.5)

in x-axis

Sitting (0.4, -53.7, 207.1) (16.9, 20.2, 6.2)

Table 2. Array with y-polarized antennas.

Posture
Centroid SSD

(x̃, ỹ, z̃) [cm] (σ̃x, σ̃y, σ̃z) [cm]

Standing (0.9, 13.0, 195.0) (14.7, 17.2, 5.7)

Lying
(0.7, -97.4, 242.0) (17.9, 17.6, 30.6)

in z-axis

Lying
(-13.4, -100.5, 186.9) (23.2, 13.5, 8.7)

in x-axis

Sitting (0.8, -53.7, 207.0) (16.7, 19.6, 5.9)

.

Table 3. Array with RR configuration.

Posture
Centroid SSD

(x̃, ỹ, z̃) [cm] (σ̃x, σ̃y, σ̃z) [cm]

Standing (-5.1, 7.5, 203.1) (28.5, 29.7, 11.4)

Lying
(-1.9, -100.0, 237.7) (17.3, 16.8, 28.4)

in z-axis

Lying
(-12.0, -105.6, 194.6) (23.4, 14.7, 20.5)

in x-axis

Sitting (1.1, -57.6, 202.5) (35.1, 36.2, 21.4)

Table 4. Array with RL configuration.

Posture
Centroid SSD

(x̃, ỹ, z̃) [cm] (σ̃x, σ̃y, σ̃z) [cm]

Standing (0.5, 12.7, 193.6) (14.0, 17.7, 4.6)

Lying
(-1.3, -97.3, 245.6) (12.5, 12.7, 19.4)

in z-axis

Lying
(-9.7, -97.9, 187.6) (31.9, 20.6, 11.8)

in x-axis

Sitting (1.0, -53.9, 207.1) (17.0, 19.9, 6.0)

4 Conclusion

In this paper, we proposed a preliminary analysis on a

mmWave MIMO array with Mills cross topology for hu-

man posture estimation. Linear and circular polarization

are chosen and their performances are examined by cen-

troid and standard deviation of generated images. Upon

these metrics, it is demonstrated that linear polarized anten-

nas are appropriate for estimation of simple postures how-

ever right-hand circular polarization of receive and transmit



antenna attributed better results in a complex posture as in

the sitting.
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