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ABSTRACT

This paper tackles the challenge of wideband MIMO

channel estimation within indoor millimeter-wave scenarios.

Our proposed approach exploits the integrated sensing and

communication paradigm, where sensing information aids in

channel estimation. The key innovation consists of employ-

ing both spatial and temporal sensing modes to significantly

reduce the number of required training pilots. Moreover,

our algorithm addresses and corrects potential mismatches

between sensing and communication modes, which can arise

from differing sensing and communication propagation paths.

Extensive simulations demonstrate that the proposed method

requires 4× less pilots compared to the current state-of-the-

art, marking a substantial advancement in channel estimation

efficiency.

Index TermsÐ Wi-Fi, mmWave, Channel Estimation, In-

tegrated Sensing and Communication

1. INTRODUCTION

Future wireless networks are exploiting higher frequencies,

notably millimeter waves (mmWaves), to meet the ever-

growing demand for user throughput. However, mmWave

propagation poses significant challenges due to high path and

blockage attenuation, particularly for indoor scenarios [1]. In

this context, the channel state information (CSI) acquisition

assumes pivotal significance for accurate signal decoding. A

prevalent approach to CSI estimation consists of multiplexing

known pilots with data, thereby enabling CSI acquisition at

the receiver’s side [2]. The effectiveness of CSI acquisition

depends on the estimation method and the number of pilots.

Numerous channel estimation techniques have been pro-

posed spanning conventional Bayesian methodologies, e.g.,

least square (LS), maximum likelihood, and minimum mean

square error (MMSE), along with novel approaches such

as compressed sensing (CS) [3], low-rank [4], and machine

learning techniques [5]. CS reduces pilot overhead by exploit-

ing channel sparsity, making it a viable choice for mmWave

communications, which exhibit a limited number of dominant

scatterers. However, in indoor settings, CS-based estimation

can be computationally intensive due to the increased number

of scatterers, which leads to rapid CSI variations and requires

higher training samples compared to outdoor scenarios [6].

Integrated Sensing and Communication (ISAC) is a novel

approach that combines sensing and communication at the

transmitter [7, 8]. ISAC can leverage the correlation between

sensing and communication channels to reduce the number

of training samples required for channel estimation. Prior

research has predominantly focused on examining this cor-

relation in outdoor MIMO ISAC systems. For instance, [9]

exploits the sensing covariance to estimate communication

channel covariance, reducing beam training overhead. By

leveraging the correlation between the uplink channel and

sensing, [10] suggests a sensing-aided Kalman filter-based

method to enhance CSI estimation accuracy. [11] formulates

orthogonal time frequency space channel estimation as a

sparse recovery problem by utilizing the sensing information

to determine the delay and Doppler support. [12] proposes

a turbo sparse Bayesian inference for target detection and

channel estimation in narrowband ISAC systems.

In ISAC systems, the location of scattering objects is es-

timated and then used to determine the space-time modes of

the communication channel, i.e. the delay and angular char-

acteristics of the channel. However, the sensing operation is

typically done in a monostatic configuration, while communi-

cation channels use a bistatic setup. This difference in setup,

as well as the presence of extended scatterers, may lead to

communication and sensing (C&S) mode mismatch. As de-

picted in Fig. 1, C&S mismatch may involve discrepancies

between sensing and communication space-time modes [13],

<latexit sha1_base64="kTAJfXvWqFSHoPnfLRYoqxsiLbg=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBbFVUkKPpbFbtwUKtoHtKFMJpN26GQSZiZiKf0VNy4UceuPuPNvnLZZaOuBC4dz7uXee/yEM6Ud59vKra1vbG7ltws7u3v7B/ZhsaXiVBLaJDGPZcfHinImaFMzzWknkRRHPqdtf1Sb+e1HKhWLxYMeJ9SL8ECwkBGsjdS3i7Xe2T2qY02GTAxQPQ5o3y45ZWcOtErcjJQgQ6Nvf/WCmKQRFZpwrFTXdRLtTbDUjHA6LfRSRRNMRnhAu4YKHFHlTea3T9GpUQIUxtKU0Giu/p6Y4EipceSbzgjroVr2ZuJ/XjfV4bU3YSJJNRVksShMOdIxmgWBAiYp0XxsCCaSmVsRGWKJiTZxFUwI7vLLq6RVKbuX5Yu7Sql6k8WRh2M4gXNw4QqqcAsNaAKBJ3iGV3izptaL9W59LFpzVjZzBH9gff4Ac9OTbw==</latexit>

C&S Matching Mode

<latexit sha1_base64="D4ffs2jjyE0NlpK4gn1qan6TAFg=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKewGfByDXrwEIpoHJGuYnZ0kQ2ZnlplZJSz5Dy8eFPHqv3jzb5wke9DEgoaiqpvuriDmTBvX/XZyK6tr6xv5zcLW9s7uXnH/oKlloghtEMmlagdYU84EbRhmOG3HiuIo4LQVjK6nfuuRKs2kuDfjmPoRHgjWZwQbKz3coRrTmokBqsmQ9oolt+zOgJaJl5ESZKj3il/dUJIkosIQjrXueG5s/BQrwwink0I30TTGZIQHtGOpwBHVfjq7eoJOrBKivlS2hEEz9fdEiiOtx1FgOyNshnrRm4r/eZ3E9C/9lIk4MVSQ+aJ+wpGRaBoBCpmixPCxJZgoZm9FZIgVJsYGVbAheIsvL5Nmpeydl89uK6XqVRZHHo7gGE7Bgwuowg3UoQEEFDzDK7w5T86L8+58zFtzTjZzCH/gfP4AsVqSAA==</latexit>

S Missing M

<latexit sha1_base64="K3W6jXOmBUO+VvAfYeqVYzkbQj4=">AAAB+nicbVDLSgMxFL1TX7W+prp0EyyKqzJT8LEsduNGqGgf0A4lk2ba0ExmSDJKGfspblwo4tYvceffmLaz0NYDgcM593JPjh9zprTjfFu5ldW19Y38ZmFre2d3zy7uN1WUSEIbJOKRbPtYUc4EbWimOW3HkuLQ57Tlj2pTv/VApWKRuNfjmHohHggWMIK1kXp2sdY9uUM3TIVYkyETA9SzS07ZmQEtEzcjJchQ79lf3X5EkpAKTThWquM6sfZSLDUjnE4K3UTRGJMRHtCOoQKHVHnpLPoEHRulj4JImic0mqm/N1IcKjUOfTNpEg7VojcV//M6iQ4uvZSJONFUkPmhIOFIR2jaA+ozSYnmY0MwkcxkRWSIJSbatFUwJbiLX14mzUrZPS+f3VZK1ausjjwcwhGcggsXUIVrqEMDCDzCM7zCm/VkvVjv1sd8NGdlOwfwB9bnD++Ykyk=</latexit>

C&S Mismatching

<latexit sha1_base64="GsZIsnPtvuuRZj/dWeLRBXtleQQ=">AAAB63icbVDLSsNAFJ3UV62vqks3g0VwVZKCj2XRjRuhgn1AG8pkctMOncmEmYlQQn/BjQtF3PpD7vwbJ20W2nrgwuGce7n3niDhTBvX/XZKa+sbm1vl7crO7t7+QfXwqKNlqii0qeRS9QKigbMY2oYZDr1EAREBh24wuc397hMozWT8aKYJ+IKMYhYxSkwu3csQhtWaW3fnwKvEK0gNFWgNq1+DUNJUQGwoJ1r3PTcxfkaUYZTDrDJINSSETsgI+pbGRID2s/mtM3xmlRBHUtmKDZ6rvycyIrSeisB2CmLGetnLxf+8fmqiaz9jcZIaiOliUZRybCTOH8chU0ANn1pCqGL2VkzHRBFqbDwVG4K3/PIq6TTq3mX94qFRa94UcZTRCTpF58hDV6iJ7lALtRFFY/SMXtGbI5wX5935WLSWnGLmGP2B8/kD8YaOLw==</latexit>

Mode

<latexit sha1_base64="4NUfElL8V7bKwdQECvavhaZFFBE=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoPgKewGfByDuXgJRDAPSNYwO9ubDJmdWWZmlRDyH148KOLVf/Hm3zhJ9qCJBQ1FVTfdXUHCmTau++3k1tY3Nrfy24Wd3b39g+LhUUvLVFFoUsml6gREA2cCmoYZDp1EAYkDDu1gVJv57UdQmklxb8YJ+DEZCBYxSoyVHmq4zrRmYoDrMoR+seSW3TnwKvEyUkIZGv3iVy+UNI1BGMqJ1l3PTYw/IcowymFa6KUaEkJHZABdSwWJQfuT+dVTfGaVEEdS2RIGz9XfExMSaz2OA9sZEzPUy95M/M/rpia69idMJKkBQReLopRjI/EsAhwyBdTwsSWEKmZvxXRIFKHGBlWwIXjLL6+SVqXsXZYv7iql6k0WRx6doFN0jjx0haroFjVQE1Gk0DN6RW/Ok/PivDsfi9ack80coz9wPn8AmEqR8A==</latexit>

C Missing

<latexit sha1_base64="GsZIsnPtvuuRZj/dWeLRBXtleQQ=">AAAB63icbVDLSsNAFJ3UV62vqks3g0VwVZKCj2XRjRuhgn1AG8pkctMOncmEmYlQQn/BjQtF3PpD7vwbJ20W2nrgwuGce7n3niDhTBvX/XZKa+sbm1vl7crO7t7+QfXwqKNlqii0qeRS9QKigbMY2oYZDr1EAREBh24wuc397hMozWT8aKYJ+IKMYhYxSkwu3csQhtWaW3fnwKvEK0gNFWgNq1+DUNJUQGwoJ1r3PTcxfkaUYZTDrDJINSSETsgI+pbGRID2s/mtM3xmlRBHUtmKDZ6rvycyIrSeisB2CmLGetnLxf+8fmqiaz9jcZIaiOliUZRybCTOH8chU0ANn1pCqGL2VkzHRBFqbDwVG4K3/PIq6TTq3mX94qFRa94UcZTRCTpF58hDV6iJ7lALtRFFY/SMXtGbI5wX5935WLSWnGLmGP2B8/kD8YaOLw==</latexit>

Mode

<latexit sha1_base64="GsZIsnPtvuuRZj/dWeLRBXtleQQ=">AAAB63icbVDLSsNAFJ3UV62vqks3g0VwVZKCj2XRjRuhgn1AG8pkctMOncmEmYlQQn/BjQtF3PpD7vwbJ20W2nrgwuGce7n3niDhTBvX/XZKa+sbm1vl7crO7t7+QfXwqKNlqii0qeRS9QKigbMY2oYZDr1EAREBh24wuc397hMozWT8aKYJ+IKMYhYxSkwu3csQhtWaW3fnwKvEK0gNFWgNq1+DUNJUQGwoJ1r3PTcxfkaUYZTDrDJINSSETsgI+pbGRID2s/mtM3xmlRBHUtmKDZ6rvycyIrSeisB2CmLGetnLxf+8fmqiaz9jcZIaiOliUZRybCTOH8chU0ANn1pCqGL2VkzHRBFqbDwVG4K3/PIq6TTq3mX94qFRa94UcZTRCTpF58hDV6iJ7lALtRFFY/SMXtGbI5wX5935WLSWnGLmGP2B8/kD8YaOLw==</latexit>

Mode

<latexit sha1_base64="to+LjH9Li1cwOwTs/J11LRcyw6U=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKewGfByDXjxGNA9IljA76U2GzM4uM7NCWPIRXjwo4tXv8ebfOEn2oIkFDUVVN91dQSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzSRBP6JDyUPOqLFS+wGl5nLYL1fcqjsHWSVeTiqQo9Evf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/m587JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSE137GZZIalGyxKEwFMTGZ/U4GXCEzYmIJZYrbWwkbUUWZsQmVbAje8surpFWrepfVi/tapX6Tx1GEEziFc/DgCupwBw1oAoMxPMMrvDmJ8+K8Ox+L1oKTzxzDHzifP2bSj58=</latexit>

Sensing

<latexit sha1_base64="ll/vFGxpCOCUDuqkEnUcRDHubTk=">AAAB9HicbVDLTgIxFL2DL8QX6tJNIzFxRWZIfCyJbFxiIo8EJqRTOtDQx9h2SAjhO9y40Bi3fow7/8YCs1DwJDc5Pefe9N4TJZwZ6/vfXm5jc2t7J79b2Ns/ODwqHp80jUo1oQ2iuNLtCBvKmaQNyyyn7URTLCJOW9GoNvdbY6oNU/LRThIaCjyQLGYEWyeFNSVEKrNXr1jyy/4CaJ0EGSlBhnqv+NXtK5IKKi3h2JhO4Cc2nGJtGeF0VuimhiaYjPCAdhyVWFATThdLz9CFU/ooVtqVtGih/p6YYmHMRESuU2A7NKveXPzP66Q2vg2nTCappZIsP4pTjqxC8wRQn2lKLJ84golmbldEhlhjYl1OBRdCsHryOmlWysF1+eqhUqreZXHk4QzO4RICuIEq3EMdGkDgCZ7hFd68sffivXsfy9acl82cwh94nz8kS5Ja</latexit>

Communication

<latexit sha1_base64="37NegaCtUFTz87ZlcWWD9MO3Mic=">AAAB6XicbVDLSgMxFL1TX7W+qi7dBIvgqswUfCyrblxWsQ9oB8mkd9rQTGZIMkIZ+gduXCji1j9y59+YtrPQ1gOBwznnkntPkAiujet+O4WV1bX1jeJmaWt7Z3evvH/Q0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28HoZuq3n1BpHssHM07Qj+hA8pAzaqx0f9V4LFfcqjsDWSZeTiqQw+a/ev2YpRFKwwTVuuu5ifEzqgxnAielXqoxoWxEB9i1VNIItZ/NNp2QE6v0SRgr+6QhM/X3REYjrcdRYJMRNUO96E3F/7xuasJLP+MySQ1KNv8oTAUxMZmeTfpcITNibAllittdCRtSRZmx5ZRsCd7iycukVat659Wzu1qlfp3XUYQjOIZT8OAC6nALDWgCgxCe4RXenJHz4rw7H/NowclnDuEPnM8fM/GNJw==</latexit>

AP
<latexit sha1_base64="BBWKCs0a0mHe+FRMDbq6+i5Xgb8=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KknBj2NRBI9VTFtoQ9lsJ+3SzSbsboRS+g+8eFDEq//Im//GbZuDtj4YeLw3w8y8MBVcG9f9dlZW19Y3Ngtbxe2d3b390sFhQyeZYuizRCSqFVKNgkv0DTcCW6lCGocCm+HwZuo3n1BpnshHM0oxiGlf8ogzaqz04N92S2W34s5AlomXkzLkqHdLX51ewrIYpWGCat323NQEY6oMZwInxU6mMaVsSPvYtlTSGHUwnl06IadW6ZEoUbakITP198SYxlqP4tB2xtQM9KI3Ff/z2pmJroIxl2lmULL5oigTxCRk+jbpcYXMiJEllClubyVsQBVlxoZTtCF4iy8vk0a14l1Uzu+r5dp1HkcBjuEEzsCDS6jBHdTBBwYRPMMrvDlD58V5dz7mrStOPnMEf+B8/gBBqY0w</latexit>

UE

<latexit sha1_base64="KsZrinurS2SqSbMk9qeTiO9IJNs=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eIeUGyhNlJbzJkdnaZmRXCkk/w4kERr36RN//GSbIHjRY0FFXddHcFieDauO6XU1hZXVvfKG6WtrZ3dvfK+wctHaeKYZPFIladgGoUXGLTcCOwkyikUSCwHYxvZ377EZXmsWyYSYJ+RIeSh5xRY6WHRt/rlytu1Z2D/CVeTiqQo94vf/YGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/m586JSdWGZAwVrakIXP150RGI60nUWA7I2pGetmbif953dSE137GZZIalGyxKEwFMTGZ/U0GXCEzYmIJZYrbWwkbUUWZsemUbAje8st/Seus6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDExgM4Qle4NURzrPz5rwvWgtOPnMIv+B8fAPYCY2G</latexit>

T1

<latexit sha1_base64="EP2I3MhZuVOkvfwmnQ//ixpBuiY=">AAAB+HicbVDLSsNAFL2pr1ofrbp0M1gEVyURX8uqG5cV7APaECbTSTt0MgkzE6GGfIkbF4q49VPc+TdO2iy09cDA4Zx7uWeOH3OmtG1/W6WV1bX1jfJmZWt7Z7da29vvqCiRhLZJxCPZ87GinAna1kxz2oslxaHPadef3OZ+95FKxSLxoKcxdUM8EixgBGsjebXqIMR67AdpnHnpdSvzanW7Yc+AlolTkDoUaHm1r8EwIklIhSYcK9V37Fi7KZaaEU6zyiBRNMZkgke0b6jAIVVuOgueoWOjDFEQSfOERjP190aKQ6WmoW8m85hq0cvF/7x+ooMrN2UiTjQVZH4oSDjSEcpbQEMmKdF8aggmkpmsiIyxxESbriqmBGfxy8ukc9pwLhrn92f15k1RRxkO4QhOwIFLaMIdtKANBBJ4hld4s56sF+vd+piPlqxi5wD+wPr8ASGgk2k=</latexit>

pAP

<latexit sha1_base64="TwEjYWxyhnefuwVpYKBiA63qlY8=">AAAB+HicbVDLSsNAFL2pr1ofjbp0EyyCq5KIr2VRBJcVTFtoQ5hMJ+3QySTMTIQa8iVuXCji1k9x5984abPQ1gMDh3Pu5Z45QcKoVLb9bVRWVtfWN6qbta3tnd26ubffkXEqMHFxzGLRC5AkjHLiKqoY6SWCoChgpBtMbgq/+0iEpDF/UNOEeBEacRpSjJSWfLM+iJAaB2GW5H7m3ua+2bCb9gzWMnFK0oASbd/8GgxjnEaEK8yQlH3HTpSXIaEoZiSvDVJJEoQnaET6mnIUEells+C5dayVoRXGQj+urJn6eyNDkZTTKNCTRUy56BXif14/VeGVl1GepIpwPD8UpsxSsVW0YA2pIFixqSYIC6qzWniMBMJKd1XTJTiLX14mndOmc9E8vz9rtK7LOqpwCEdwAg5cQgvuoA0uYEjhGV7hzXgyXox342M+WjHKnQP4A+PzBy9hk3I=</latexit>

pUE

<latexit sha1_base64="gBLOm8LwyivC03E5xa65xFrLktU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cE84JkCbOT2WTI7Owy0yuEkE/w4kERr36RN//GSbIHTSxoKKq66e4KEikMuu63k1tb39jcym8Xdnb39g+Kh0dNE6ea8QaLZazbATVcCsUbKFDydqI5jQLJW8Hofua3nrg2IlZ1HCfcj+hAiVAwilZ6rPdqvWLJLbtzkFXiZaQEGaq94le3H7M04gqZpMZ0PDdBf0I1Cib5tNBNDU8oG9EB71iqaMSNP5mfOiVnVumTMNa2FJK5+ntiQiNjxlFgOyOKQ7PszcT/vE6K4a0/ESpJkSu2WBSmkmBMZn+TvtCcoRxbQpkW9lbChlRThjadgg3BW355lTQvyt51+ap2WarcZXHk4QRO4Rw8uIEKPEAVGsBgAM/wCm+OdF6cd+dj0Zpzsplj+APn8wcImI2m</latexit>

TQ

<latexit sha1_base64="MsfZcVdBqXtm83GFguxqyy9RhUg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eIeUGyhNlJJxkyO7vOzAphySd48aCIV7/Im3/jJNmDJhY0FFXddHcFseDauO63k1tZXVvfyG8WtrZ3dveK+wcNHSWKYZ1FIlKtgGoUXGLdcCOwFSukYSCwGYxup37zCZXmkayZcYx+SAeS9zmjxkoPte5jt1hyy+4MZJl4GSlBhmq3+NXpRSwJURomqNZtz42Nn1JlOBM4KXQSjTFlIzrAtqWShqj9dHbqhJxYpUf6kbIlDZmpvydSGmo9DgPbGVIz1IveVPzPayemf+2nXMaJQcnmi/qJICYi079JjytkRowtoUxxeythQ6ooMzadgg3BW3x5mTTOyt5l+eL+vFS5yeLIwxEcwyl4cAUVuIMq1IHBAJ7hFd4c4bw4787HvDXnZDOH8AfO5w85GI3G</latexit>

Tq

Fig. 1: Possible mismatches between communication and

sensing channel modes in the reference indoor scenario.
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as well as missing modes in the sensing channel, and vice

versa. Most previous works in [9]-[12] have not explored this

aspect, which may lead to inaccurate channel estimation and

system performance degradation.

This paper presents a sensing-aided CS channel estima-

tion algorithm that, differently from prior works, addresses

C&S mode mismatch by defining the initial communication

space-time modes based on the sensing signals and compen-

sating for the possible C&S mismatches. Subsequently, the

communication channel modes are augmented by identify-

ing communication missing modes, related to scatterers not

visible in the sensing signals, within an angular and tempo-

ral mode codebook, tailored to the indoor scenario. This ap-

proach is suitable for wideband channel estimation and repre-

sents a major improvement over existing methods. Numerical

simulations demonstrate that the sensing-assisted channel es-

timation method requires 4× less of training pilots compared

to current state-of-the-art solutions.

The paper is organized as follows: Section II defines

the system and channel model, Section III details the pro-

posed sensing-assisted CS algorithm, numerical results are

discussed in Section IV, and Section V draws the conclusions.

2. SYSTEM AND CHANNEL MODEL

Consider the indoor setting depicted in Figure 2. Here, the

access point (AP) includes two N elements ULA antenna ar-

rays for simultaneous transmission and reception to facilitate

ISAC functionality. Within each channel coherence interval,

the AP communicates with a single antenna user equipment

(UE) in downlink mode, while concurrently sensing Q ex-

tended targets, including the UE, namely T1, ..., TQ in Fig. 2.

Subsequently, the UE transmits its data to the AP in uplink

mode. The transmitted signal is an orthogonal frequency-

division waveform with a bandwidth B = K∆f , where K
and ∆f denote the number of subcarriers and the subcarrier

spacing, respectively. Within the kth sub-carrier, the down-

link signal transmitted by the AP is expressed as

x[k] = f [k]sd[k], (1)

where sd[k] denotes the kth transmitted symbol such that

E[sd[k]sd[m]∗] = σ2
sδ[k − m], with power σ2

s , and f [k] ∈
C

N×1 represents the precoding vector at the kth subcarrier.

The sensing signal received by the AP is

r[k] = Hs[k]x[k] + ns[k], (2)

<latexit sha1_base64="ll/vFGxpCOCUDuqkEnUcRDHubTk=">AAAB9HicbVDLTgIxFL2DL8QX6tJNIzFxRWZIfCyJbFxiIo8EJqRTOtDQx9h2SAjhO9y40Bi3fow7/8YCs1DwJDc5Pefe9N4TJZwZ6/vfXm5jc2t7J79b2Ns/ODwqHp80jUo1oQ2iuNLtCBvKmaQNyyyn7URTLCJOW9GoNvdbY6oNU/LRThIaCjyQLGYEWyeFNSVEKrNXr1jyy/4CaJ0EGSlBhnqv+NXtK5IKKi3h2JhO4Cc2nGJtGeF0VuimhiaYjPCAdhyVWFATThdLz9CFU/ooVtqVtGih/p6YYmHMRESuU2A7NKveXPzP66Q2vg2nTCappZIsP4pTjqxC8wRQn2lKLJ84golmbldEhlhjYl1OBRdCsHryOmlWysF1+eqhUqreZXHk4QzO4RICuIEq3EMdGkDgCZ7hFd68sffivXsfy9acl82cwh94nz8kS5Ja</latexit>

Communication

<latexit sha1_base64="akGmCSej2U/TssRt1FJueG6VOEs=">AAAB73icbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XRjcsK9gHtUDJppg3NZMbkjlCG/oQbF4q49Xfc+Tem7Sy09UDgcM655N4TJFIYdN1vp7Cyura+UdwsbW3v7O6V9w+aJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LR7dRvPXFtRKwecJxwP6IDJULBKFqp3cUhR9qr98oVt+rOQJaJl5MK5LD5r24/ZmnEFTJJjel4boJ+RjUKJvmk1E0NTygb0QHvWKpoxI2fzfadkBOr9EkYa/sUkpn6eyKjkTHjKLDJiOLQLHpT8T+vk2J47WdCJSlyxeYfhakkGJPp8aQvNGcox5ZQpoXdlbAh1ZShrahkS/AWT14mzbOqd1m9uD+v1G7yOopwBMdwCh5cQQ3uoA4NYCDhGV7hzXl0Xpx352MeLTj5zCH8gfP5A/+jj/U=</latexit>

θP

<latexit sha1_base64="LmM51J6gkwm7S+Y72ZfuE2BjLnM=">AAAB7XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XRjcsK9gHtUDJppo3NTIbkjlCG/oMbF4q49X/c+Tem7Sy09UDgcM655N4TJFIYdN1vp7Cyura+UdwsbW3v7O6V9w+aRqWa8QZTUul2QA2XIuYNFCh5O9GcRoHkrWB0O/VbT1wboeIHHCfcj+ggFqFgFK3U7CJNe/VeueJW3RnIMvFyUoEcNv/V7SuWRjxGJqkxHc9N0M+oRsEkn5S6qeEJZSM64B1LYxpx42ezbSfkxCp9EiptX4xkpv6eyGhkzDgKbDKiODSL3lT8z+ukGF77mYiTFHnM5h+FqSSoyPR00heaM5RjSyjTwu5K2JBqytAWVLIleIsnL5PmWdW7rF7cn1dqN3kdRTiCYzgFD66gBndQhwYweIRneIU3RzkvzrvzMY8WnHzmEP7A+fwBezmPFQ==</latexit>

τP

<latexit sha1_base64="E65Ep86SKOVRkAYjmqnIC3P3bck=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiTia1l047KCtYUmlMlk0g6dTMI8hBL6G25cKOLWn3Hn3zhps9DWAwOHc+7lnjlhxpnSrvvtVFZW19Y3qpu1re2d3b36/sGjSo0ktENSnspeiBXlTNCOZprTXiYpTkJOu+H4tvC7T1QqlooHPclokOChYDEjWFvJ9xOsR2Gcj6aDaFBvuE13BrRMvJI0oER7UP/yo5SYhApNOFaq77mZDnIsNSOcTmu+UTTDZIyHtG+pwAlVQT7LPEUnVolQnEr7hEYz9fdGjhOlJkloJ4uMatErxP+8vtHxdZAzkRlNBZkfig1HOkVFAShikhLNJ5ZgIpnNisgIS0y0ralmS/AWv7xMHs+a3mXz4v680bop66jCERzDKXhwBS24gzZ0gEAGz/AKb45xXpx352M+WnHKnUP4A+fzB2J8ke0=</latexit>

hd

<latexit sha1_base64="37NegaCtUFTz87ZlcWWD9MO3Mic=">AAAB6XicbVDLSgMxFL1TX7W+qi7dBIvgqswUfCyrblxWsQ9oB8mkd9rQTGZIMkIZ+gduXCji1j9y59+YtrPQ1gOBwznnkntPkAiujet+O4WV1bX1jeJmaWt7Z3evvH/Q0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28HoZuq3n1BpHssHM07Qj+hA8pAzaqx0f9V4LFfcqjsDWSZeTiqQw+a/ev2YpRFKwwTVuuu5ifEzqgxnAielXqoxoWxEB9i1VNIItZ/NNp2QE6v0SRgr+6QhM/X3REYjrcdRYJMRNUO96E3F/7xuasJLP+MySQ1KNv8oTAUxMZmeTfpcITNibAllittdCRtSRZmx5ZRsCd7iycukVat659Wzu1qlfp3XUYQjOIZT8OAC6nALDWgCgxCe4RXenJHz4rw7H/NowclnDuEPnM8fM/GNJw==</latexit>

AP

<latexit sha1_base64="BBWKCs0a0mHe+FRMDbq6+i5Xgb8=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KknBj2NRBI9VTFtoQ9lsJ+3SzSbsboRS+g+8eFDEq//Im//GbZuDtj4YeLw3w8y8MBVcG9f9dlZW19Y3Ngtbxe2d3b390sFhQyeZYuizRCSqFVKNgkv0DTcCW6lCGocCm+HwZuo3n1BpnshHM0oxiGlf8ogzaqz04N92S2W34s5AlomXkzLkqHdLX51ewrIYpWGCat323NQEY6oMZwInxU6mMaVsSPvYtlTSGHUwnl06IadW6ZEoUbakITP198SYxlqP4tB2xtQM9KI3Ff/z2pmJroIxl2lmULL5oigTxCRk+jbpcYXMiJEllClubyVsQBVlxoZTtCF4iy8vk0a14l1Uzu+r5dp1HkcBjuEEzsCDS6jBHdTBBwYRPMMrvDlD58V5dz7mrStOPnMEf+B8/gBBqY0w</latexit>

UE

<latexit sha1_base64="KsZrinurS2SqSbMk9qeTiO9IJNs=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eIeUGyhNlJbzJkdnaZmRXCkk/w4kERr36RN//GSbIHjRY0FFXddHcFieDauO6XU1hZXVvfKG6WtrZ3dvfK+wctHaeKYZPFIladgGoUXGLTcCOwkyikUSCwHYxvZ377EZXmsWyYSYJ+RIeSh5xRY6WHRt/rlytu1Z2D/CVeTiqQo94vf/YGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/m586JSdWGZAwVrakIXP150RGI60nUWA7I2pGetmbif953dSE137GZZIalGyxKEwFMTGZ/U0GXCEzYmIJZYrbWwkbUUWZsemUbAje8st/Seus6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDExgM4Qle4NURzrPz5rwvWgtOPnMIv+B8fAPYCY2G</latexit>

T1

<latexit sha1_base64="ZwKkaJcdU3hHlnhMyVD4tdz55QM=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNryPRi0dI5JHAhswODYzMzm5mZo1kwxd48aAxXv0kb/6NA+xBwUo6qVR1p7sriAXXxnW/ndzK6tr6Rn6zsLW9s7tX3D9o6ChRDOssEpFqBVSj4BLrhhuBrVghDQOBzWB0O/Wbj6g0j+S9Gcfoh3QgeZ8zaqxUe+oWS27ZnYEsEy8jJchQ7Ra/Or2IJSFKwwTVuu25sfFTqgxnAieFTqIxpmxEB9i2VNIQtZ/ODp2QE6v0SD9StqQhM/X3REpDrcdhYDtDaoZ60ZuK/3ntxPSv/ZTLODEo2XxRPxHERGT6NelxhcyIsSWUKW5vJWxIFWXGZlOwIXiLLy+TxlnZuyxf1M5LlZssjjwcwTGcggdXUIE7qEIdGCA8wyu8OQ/Oi/PufMxbc042cwh/4Hz+AOl5jQY=</latexit>

x

<latexit sha1_base64="tmEvmksfb9cWDAa5xB1ckWUhUbQ=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVx71S2a24M5Bl4uWkDDlqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rPZoRNyapU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjjZ1wmqUHJ5ovCVBATk+nXpM8VMiPGllCmuL2VsCFVlBmbTdGG4C2+vEya5xXvqnJZvyhXb/M4CnAMJ3AGHlxDFe6hBg1ggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MH6v2NBw==</latexit>

y

<latexit sha1_base64="EP2I3MhZuVOkvfwmnQ//ixpBuiY=">AAAB+HicbVDLSsNAFL2pr1ofrbp0M1gEVyURX8uqG5cV7APaECbTSTt0MgkzE6GGfIkbF4q49VPc+TdO2iy09cDA4Zx7uWeOH3OmtG1/W6WV1bX1jfJmZWt7Z7da29vvqCiRhLZJxCPZ87GinAna1kxz2oslxaHPadef3OZ+95FKxSLxoKcxdUM8EixgBGsjebXqIMR67AdpnHnpdSvzanW7Yc+AlolTkDoUaHm1r8EwIklIhSYcK9V37Fi7KZaaEU6zyiBRNMZkgke0b6jAIVVuOgueoWOjDFEQSfOERjP190aKQ6WmoW8m85hq0cvF/7x+ooMrN2UiTjQVZH4oSDjSEcpbQEMmKdF8aggmkpmsiIyxxESbriqmBGfxy8ukc9pwLhrn92f15k1RRxkO4QhOwIFLaMIdtKANBBJ4hld4s56sF+vd+piPlqxi5wD+wPr8ASGgk2k=</latexit>

pAP

<latexit sha1_base64="TwEjYWxyhnefuwVpYKBiA63qlY8=">AAAB+HicbVDLSsNAFL2pr1ofjbp0EyyCq5KIr2VRBJcVTFtoQ5hMJ+3QySTMTIQa8iVuXCji1k9x5984abPQ1gMDh3Pu5Z45QcKoVLb9bVRWVtfWN6qbta3tnd26ubffkXEqMHFxzGLRC5AkjHLiKqoY6SWCoChgpBtMbgq/+0iEpDF/UNOEeBEacRpSjJSWfLM+iJAaB2GW5H7m3ua+2bCb9gzWMnFK0oASbd/8GgxjnEaEK8yQlH3HTpSXIaEoZiSvDVJJEoQnaET6mnIUEells+C5dayVoRXGQj+urJn6eyNDkZTTKNCTRUy56BXif14/VeGVl1GepIpwPD8UpsxSsVW0YA2pIFixqSYIC6qzWniMBMJKd1XTJTiLX14mndOmc9E8vz9rtK7LOqpwCEdwAg5cQgvuoA0uYEjhGV7hzXgyXox342M+WjHKnQP4A+PzBy9hk3I=</latexit>

pUE

<latexit sha1_base64="gBLOm8LwyivC03E5xa65xFrLktU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cE84JkCbOT2WTI7Owy0yuEkE/w4kERr36RN//GSbIHTSxoKKq66e4KEikMuu63k1tb39jcym8Xdnb39g+Kh0dNE6ea8QaLZazbATVcCsUbKFDydqI5jQLJW8Hofua3nrg2IlZ1HCfcj+hAiVAwilZ6rPdqvWLJLbtzkFXiZaQEGaq94le3H7M04gqZpMZ0PDdBf0I1Cib5tNBNDU8oG9EB71iqaMSNP5mfOiVnVumTMNa2FJK5+ntiQiNjxlFgOyOKQ7PszcT/vE6K4a0/ESpJkSu2WBSmkmBMZn+TvtCcoRxbQpkW9lbChlRThjadgg3BW355lTQvyt51+ap2WarcZXHk4QRO4Rw8uIEKPEAVGsBgAM/wCm+OdF6cd+dj0Zpzsplj+APn8wcImI2m</latexit>

TQ
<latexit sha1_base64="owT9XyUBjs9ZC3PFA852Loog0D0=">AAAB73icbVDLSgNBEJyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEmYnvcmQ2dl1plcIS37CiwdFvPo73vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqDg0ey1i3A2ZACgUNFCihnWhgUSChFYxup37rCbQRsXrAcQJ+xAZKhIIztFK7i0NA1vN65YpbdWegy8TLSYXkqPfKX91+zNMIFHLJjOl4boJ+xjQKLmFS6qYGEsZHbAAdSxWLwPjZ7N4JPbFKn4axtqWQztTfExmLjBlHge2MGA7NojcV//M6KYbXfiZUkiIoPl8UppJiTKfP077QwFGOLWFcC3sr5UOmGUcbUcmG4C2+vEyaZ1Xvsnpxf16p3eRxFMkROSanxCNXpEbuSJ00CCeSPJNX8uY8Oi/Ou/Mxby04+cwh+QPn8wfQp4/W</latexit>

θ1

<latexit sha1_base64="wRfLP6hExabdJ1/4gfGhpJDZYXY=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hd3g6xj04jGCeUCyhNnJbDJkdnad6RXCkp/w4kERr/6ON//GSbIHTSxoKKq66e4KEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LR7dRvPXFtRKwecJxwP6IDJULBKFqp3cUhR9qr9kplt+LOQJaJl5My5Kj3Sl/dfszSiCtkkhrT8dwE/YxqFEzySbGbGp5QNqID3rFU0YgbP5vdOyGnVumTMNa2FJKZ+nsio5Ex4yiwnRHFoVn0puJ/XifF8NrPhEpS5IrNF4WpJBiT6fOkLzRnKMeWUKaFvZWwIdWUoY2oaEPwFl9eJs1qxbusXNyfl2s3eRwFOIYTOAMPrqAGd1CHBjCQ8Ayv8OY8Oi/Ou/Mxb11x8pkj+APn8wfSK4/X</latexit>

θ2

<latexit sha1_base64="iVsgiLZLHQ8qFkJUeErbjrMvrdQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5gHJEmYns8mY2ZllplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1ZQ2qhNLtkBgmuGQN5ChYO9GMxKFgrXB0O/VbT0wbruQDjhMWxGQgecQpQSs1u0jSnt8rV7yqN4O7TPycVCBHvVf+6vYVTWMmkQpiTMf3EgwyopFTwSalbmpYQuiIDFjHUkliZoJsdu3EPbFK342UtiXRnam/JzISGzOOQ9sZExyaRW8q/ud1Uoyug4zLJEUm6XxRlAoXlTt93e1zzSiKsSWEam5vdemQaELRBlSyIfiLLy+T5lnVv6xe3J9Xajd5HEU4gmM4BR+uoAZ3UIcGUHiEZ3iFN0c5L8678zFvLTj5zCH8gfP5A0w9jvY=</latexit>

τ1

<latexit sha1_base64="J+jD6T1qkZcO0yPsLOYVfqVIU7E=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd3g6xj04jGCeUCyhNnJbDJmdnaZ6RXCkn/w4kERr/6PN//GSbIHTSxoKKq66e4KEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LR7dRvPXFtRKwecJxwP6IDJULBKFqp2UWa9qq9UtmtuDOQZeLlpAw56r3SV7cfszTiCpmkxnQ8N0E/oxoFk3xS7KaGJ5SN6IB3LFU04sbPZtdOyKlV+iSMtS2FZKb+nshoZMw4CmxnRHFoFr2p+J/XSTG89jOhkhS5YvNFYSoJxmT6OukLzRnKsSWUaWFvJWxINWVoAyraELzFl5dJs1rxLisX9+fl2k0eRwGO4QTOwIMrqMEd1KEBDB7hGV7hzYmdF+fd+Zi3rjj5zBH8gfP5A03Bjvc=</latexit>

τ2

<latexit sha1_base64="MsfZcVdBqXtm83GFguxqyy9RhUg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eIeUGyhNlJJxkyO7vOzAphySd48aCIV7/Im3/jJNmDJhY0FFXddHcFseDauO63k1tZXVvfyG8WtrZ3dveK+wcNHSWKYZ1FIlKtgGoUXGLdcCOwFSukYSCwGYxup37zCZXmkayZcYx+SAeS9zmjxkoPte5jt1hyy+4MZJl4GSlBhmq3+NXpRSwJURomqNZtz42Nn1JlOBM4KXQSjTFlIzrAtqWShqj9dHbqhJxYpUf6kbIlDZmpvydSGmo9DgPbGVIz1IveVPzPayemf+2nXMaJQcnmi/qJICYi079JjytkRowtoUxxeythQ6ooMzadgg3BW3x5mTTOyt5l+eL+vFS5yeLIwxEcwyl4cAUVuIMq1IHBAJ7hFd4c4bw4787HvDXnZDOH8AfO5w85GI3G</latexit>

Tq

<latexit sha1_base64="37NegaCtUFTz87ZlcWWD9MO3Mic=">AAAB6XicbVDLSgMxFL1TX7W+qi7dBIvgqswUfCyrblxWsQ9oB8mkd9rQTGZIMkIZ+gduXCji1j9y59+YtrPQ1gOBwznnkntPkAiujet+O4WV1bX1jeJmaWt7Z3evvH/Q0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28HoZuq3n1BpHssHM07Qj+hA8pAzaqx0f9V4LFfcqjsDWSZeTiqQw+a/ev2YpRFKwwTVuuu5ifEzqgxnAielXqoxoWxEB9i1VNIItZ/NNp2QE6v0SRgr+6QhM/X3REYjrcdRYJMRNUO96E3F/7xuasJLP+MySQ1KNv8oTAUxMZmeTfpcITNibAllittdCRtSRZmx5ZRsCd7iycukVat659Wzu1qlfp3XUYQjOIZT8OAC6nALDWgCgxCe4RXenJHz4rw7H/NowclnDuEPnM8fM/GNJw==</latexit>

AP

<latexit sha1_base64="BBWKCs0a0mHe+FRMDbq6+i5Xgb8=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KknBj2NRBI9VTFtoQ9lsJ+3SzSbsboRS+g+8eFDEq//Im//GbZuDtj4YeLw3w8y8MBVcG9f9dlZW19Y3Ngtbxe2d3b390sFhQyeZYuizRCSqFVKNgkv0DTcCW6lCGocCm+HwZuo3n1BpnshHM0oxiGlf8ogzaqz04N92S2W34s5AlomXkzLkqHdLX51ewrIYpWGCat323NQEY6oMZwInxU6mMaVsSPvYtlTSGHUwnl06IadW6ZEoUbakITP198SYxlqP4tB2xtQM9KI3Ff/z2pmJroIxl2lmULL5oigTxCRk+jbpcYXMiJEllClubyVsQBVlxoZTtCF4iy8vk0a14l1Uzu+r5dp1HkcBjuEEzsCDS6jBHdTBBwYRPMMrvDlD58V5dz7mrStOPnMEf+B8/gBBqY0w</latexit>

UE

<latexit sha1_base64="to+LjH9Li1cwOwTs/J11LRcyw6U=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKewGfByDXjxGNA9IljA76U2GzM4uM7NCWPIRXjwo4tXv8ebfOEn2oIkFDUVVN91dQSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzSRBP6JDyUPOqLFS+wGl5nLYL1fcqjsHWSVeTiqQo9Evf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/m587JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSE137GZZIalGyxKEwFMTGZ/U4GXCEzYmIJZYrbWwkbUUWZsQmVbAje8surpFWrepfVi/tapX6Tx1GEEziFc/DgCupwBw1oAoMxPMMrvDmJ8+K8Ox+L1oKTzxzDHzifP2bSj58=</latexit>

Sensing
<latexit sha1_base64="KsZrinurS2SqSbMk9qeTiO9IJNs=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eIeUGyhNlJbzJkdnaZmRXCkk/w4kERr36RN//GSbIHjRY0FFXddHcFieDauO6XU1hZXVvfKG6WtrZ3dvfK+wctHaeKYZPFIladgGoUXGLTcCOwkyikUSCwHYxvZ377EZXmsWyYSYJ+RIeSh5xRY6WHRt/rlytu1Z2D/CVeTiqQo94vf/YGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/m586JSdWGZAwVrakIXP150RGI60nUWA7I2pGetmbif953dSE137GZZIalGyxKEwFMTGZ/U0GXCEzYmIJZYrbWwkbUUWZsemUbAje8st/Seus6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDExgM4Qle4NURzrPz5rwvWgtOPnMIv+B8fAPYCY2G</latexit>

T1

<latexit sha1_base64="ZwKkaJcdU3hHlnhMyVD4tdz55QM=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNryPRi0dI5JHAhswODYzMzm5mZo1kwxd48aAxXv0kb/6NA+xBwUo6qVR1p7sriAXXxnW/ndzK6tr6Rn6zsLW9s7tX3D9o6ChRDOssEpFqBVSj4BLrhhuBrVghDQOBzWB0O/Wbj6g0j+S9Gcfoh3QgeZ8zaqxUe+oWS27ZnYEsEy8jJchQ7Ra/Or2IJSFKwwTVuu25sfFTqgxnAieFTqIxpmxEB9i2VNIQtZ/ODp2QE6v0SD9StqQhM/X3REpDrcdhYDtDaoZ60ZuK/3ntxPSv/ZTLODEo2XxRPxHERGT6NelxhcyIsSWUKW5vJWxIFWXGZlOwIXiLLy+TxlnZuyxf1M5LlZssjjwcwTGcggdXUIE7qEIdGCA8wyu8OQ/Oi/PufMxbc042cwh/4Hz+AOl5jQY=</latexit>
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Hs

Fig. 2: Reference indoor scenario

where Hs[k] ∈ C
N×N denotes the sensing channel matrix

and ns[k] ∼ CN (0, σ2
s IN ) is the noise.

The downlink signal received by the UE is expressed as

yd[k] =
√
ρdhd[k]x[k] + nd[k], (3)

where ρd represents the average downlink received power,

hd[k] ∈ C
1×N denotes the communication channel vector

such that E[hdh
H
d ] = N and nd[k] ∼ CN (0, σ2

n) is the addi-

tive noise.

In the uplink operation, the received signal is expressed as

yu[k] =
√
ρuhu[k]su[k] + nu[k], (4)

where ρu is the average uplink received power, hu[k] ∈
C

N×1 denotes the uplink communication channel vector

such that E[hH
uhu] = N , and nu[k] ∼ CN (0, σ2

n IN )
is the additive noise. The symbol transmitted by the UE

on the kth sub-carrier, denoted as su[k], is designed such

that E[su[k]s
∗

u[m]] = σ2
sδ[k − m]. Here, σ2

s refers to

the transmitted power. Among the transmitted symbols

su = [su[0], su[1], . . . , su[K − 1]], there are Kp < K pilots

regularly placed across the subcarriers, explicitly for channel

estimation purposes.

2.1. Communication Channel Model

The high free-space pathloss that is a characteristic of mmWave

propagation leads to limited space-time selectivity. For this

reason, we adopt a block-fading clustered channel represen-

tation, based on the extended Saleh-Valenzuela model, which

allows us to accurately capture the mathematical structure

present in mmWave channels [14]. Hence, the uplink channel

in the frequency domain can be expressed as

hu[k] =

√

N

P

P
∑

p=1

αpa(θp)e
−j

2πkτp

K , (5)

where P denotes the number of propagation paths, αp is the

complex gain, a(θ) denotes the AP array response vector, θp
and τp denote the angle of arrival, and delay of the pth path,

respectively. Herein, we assume channel reciprocity [15],

hence, hd[k] = hT
u [k].

2.2. Sensing Channel Model

Similarly, the sensing channel is expressed as

Hs[k] =

Q
∑

q=1

βqa(θq)a(θq)
HG[k]e−j

2πkτq

K , (6)

where θq is the azimuth angle related to the qth target, τq =
2dq/c denotes the two-way propagation delay between the AP

and the qth target, with dq being the distance between the AP
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and the qth target. The model of the scattering coefficient in

(6) follows the radar equation [16]

βq =

√

λ2N2

(4πdq)4
Γq ejξq , (7)

where Γq denotes the radar cross-section of the target and ξq
is an additional random phase term accounting for the Tx/Rx

circuitry and Doppler shift due to the target’s mobility.

3. SENSING-AIDED CHANNEL ESTIMATION

This section details the proposed sensing-aided channel esti-

mation method. Let us reformulate the communication chan-

nel vector in (5) as

hu[k] = A(θ)T[τ , k]α = Φ[k]α (8)

where A(θ) =
√

N
P
[a(θ1), . . . ,a(θP )] ∈ C

N×P , T[τ , k] =

diag
(

e−j
2πkτ1

K , . . . , e−j
2πkτP

K

)

∈ C
P×P and α ∈ C

P×1 de-

notes the communication channel coefficient vector. The ma-

trix Φ[k] represents the combined space-time modes of the

communication channel. The goal of the proposed method is

to estimate the matrix Φ[k] and the channel coefficient vec-

tor α by exploiting sensing information with limited pilots

resources.

3.1. From Sensing to Communication Modes

The estimated sensing space-time modes of the targets,

specifically τ̂ and θ̂, are derived from the signal in (2) us-

ing a range-angle compression as in [17]. To distinguish

between line-of-sight (LoS) and non-line-of-sight (NLoS)

modes, we employ the initial access procedure detailed in

[18]. This results in the decomposition of τ̂ into τ̂LoS and

a set of NLoS delays denoted as τ̂1, τ̂2, . . . , τ̂Q−1, as well as

the partitioning of θ̂ into θ̂LoS and the NLoS angles denoted

as θ̂1, θ̂2, . . . , θ̂Q−1.

Assuming only single reflections, the temporal modes are

defined by employing the geometric cosine law, such as

τ̃q =
τ̂q
2

+

√

τ̂2LoS

4
+

τ̂2q
4

− τ̂LoS τ̂q
2

cos(θ̂q − θ̂LoS), (9)

Fig. 3: Initial Communication mode estimate and Communi-

cation and Sensing mismatch

Algorithm 1 Sensing-Aided Channel Estimation

Input: ȳ, s̄, Φ̄, θ̂LoS , τ̂LoS , ε

Initialization: i = 0, δ(i) = 02Q×1, α̂(i) = 0Q×1,

Step 1: Channel Coefficient Estimation

α̂
(i+1) = minimize

α

∥

∥

∥
ȳ − Φ̄

(i)
δ
α̂

(i) ⊙ s̄

∥

∥

∥

2
+ λ

∥

∥

∥
α̂

(i)
∥

∥

∥

1
Step 2: Mode Mismatch Compensation

δ
(i+1) = minimize

δ

∥

∥

∥
ȳ − Φ̄

(i)
δ
α̂

(i+1) ⊙ s̄

∥

∥

∥

2

Update Φ̄
(i+1)
δ

with δ
(i+1).

Step 3: Mode Augmentation

ϵ
(i+1) = ȳ − Φ̄

(i+1)
δ

α̂
(i+1) ⊙ s̄,

ℓ = argmax || ( Φ̄
(i+1)
δ

)Hϵ(i+1) ||2, b = [Φ̄
(i+1)
δ

]ℓ
ℓ̃ = argmax ||(Φ̄c)

H
ϵ
(i+1)||2, b̃ = [Φ̄c]ℓ̃

if || b̃H
ϵ
(i+1) ||2 > ||bH

ϵ
(i+1) ||2

Φ̄
(i+1)
δ

= [Φ̄
(i+1)
δ

|b̃],
δ
(i+1) = [δ(i+1)|02×1]

end

Compute estimated channel: ĥu = Φ̄
(i+1)
δ

α̂
(i+1),

Terminate if
||α̂(i+1)−α̂

(i)||22
||α̂(i+1)||22

≤ ε, otherwise return to Step 1.

and τ̃LoS = τ̂LoS/2. To account for C&S mismatch, we as-

sume that the space-time features are affected by an additional

error, such that: θ̄q = θ̂q + δθ and τ̄q = τ̃q + δτ , where

δθ and δτ represent the additional error arising from C&S

mismatch, as illustrated in Fig. 3. These additional errors

δ = [δθ
T, δτ

T]T ∈ R
2Q×1 will be estimated in the sub-

sequent analysis. Using θ̄ and τ̄ , we can compute the com-

munication space-time modes Φ̂δ[k] as in (8), which will be

further refined in the following.

3.2. Modal Mismatch Compensation and Channel Esti-

mation

Estimation of the channel parameters and compensation of

mismatch can be formally framed as the following optimiza-

tion problem:

minimize
α,δ

∥

∥ȳ − Φ̄δα̂⊙ s̄
∥

∥

2
+ λ ∥α̂∥1 , (10)

where ȳ = [y[0]T, . . . ,y[Kp − 1]T]T represents the received

pilot symbols, Φ̄δ = [Φ̂δ[1]
T, . . . , Φ̂δ[Kp]

T]T ∈ C
NKp×Q

is the estimated modes matrix at the pilot subcarriers, α̂ ∈
C

Q×1 denotes the vector of channel coefficients to be esti-

mated, s̄ = s̄u ⊗ 1N ∈ C
NKp×1 represents the transmitted

pilot symbols c and λ > 0 serves as a hyperparameter.

The optimization problem in (10) is not convex. Hence,

we propose the algorithm 1 that iterates through three pivotal

steps: channel coefficient estimation, mode mismatch com-

pensation, and mode augmentation. In the first step, the cost

function is minimized with respect to the channel coefficients

α̂ through orthogonal matching pursuit (OMP) [19], while the

second step involves estimating C&S mismatches δ based on

the reconstructed channel. Due to the non-convex nature of
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the objective function, the optimal mismatch vector δ(i+1) is

determined using genetic algorithms [20]. Before proceeding

to the next iteration, the space-time mode matrix Φ̄
(i)
δ

is up-

dated using the optimal mismatch. Additionally, we enhance

the space-time mode matrix by adding a new mode from the

codebook space-time matrix Φ̄c = [Φc[1]
T, . . . ,Φc[Kp]

T]T

that best aligns with the estimation error ϵ(i+1). The code-

book is determined according to the room geometry, repre-

sented by θc and τ c, as Φc[k] = A(θc)T[τ c, k]. A novel

space-time mode b̃, with the highest correlation to the es-

timation error ϵ(i+1), is obtained and, if more correlated to

the residual than the initial mode, it is incorporated into the

current space-time mode matrix Φ̄
(i+1)
δ

. Finally, the uplink

channel over all the subcarriers is obtained by interpolating

the estimated channel ĥu.

4. NUMERICAL RESULTS

Herein, we consider an indoor office scenario. The carrier

frequency is 60 GHz and both sensing and communication

channels are simulated using Matlab Ray-Tracing package.

We assume Ricean fading with a 4 dB Ricean factor and N =
8 antenna elements arrays [15]. The performance is evaluated

in terms of mean square error (MSE), i.e.,

MSE = Ek

[

∥

∥

∥
ĥu[k]− hu[k]

∥

∥

∥

2
]

(11)

and symbol error rate (SER), defined as the ratio between

the erroneous estimated symbols and the total number of data

symbols. The estimated data symbols at the AP are

ŝu[k] = wH
u [k]yu[k], (12)

where wu[k] denotes the MMSE combiner, derived as in

[4], using the estimated channel ĥu[k]. The performance

is evaluated by varying the percentage of pilots, namely

η = Kp/K = 5% and 20% and the communication SNR at

the antenna, defined as γ0 = σ2
sρu/σ

2
n.

The proposed solution is compared to the conventional LS

and the sensing-aided algorithm of [12]. The results in Fig. 4

and 5 reveal the limitations of the classical LS method when

pilot resources are insufficient. In contrast, both the proposed

method and [12] exhibit notable performance improvements,

even with low pilot density. This highlights the efficacy of

integrating sensing information, facilitating reliable channel

estimation with minimal overhead. Remarkably, the proposed

algorithm’s ability to compensate for C&S mismatch leads to

a substantial enhancement in MSE in Fig. 4, resulting in a

reduction of approximately 3 dB and 5 dB for η = 5, 20%,

respectively, at γ0 = 10 dB. A comparable improvement is

noticeable in Fig. 5, where the proposed algorithm reduces

the SER by half for η = 5% and γ0 = 10 dB. The proposed

method attains similar SER performance with respect to the

state-of-the-art solutions while requiring 4× less overhead.

Fig. 4: MSE vs Communication SNR at the antenna

Fig. 5: SER vs Communication SNR at the antenna.

5. CONCLUSION

This paper introduces a new approach to channel estima-

tion in indoor mmWave scenarios exploiting the novel ISAC

paradigm. The method considers and corrects for differences

between the communication and sensing channel modes.

Extensive numerical simulations reveal that the proposed

method provides better MSE and SER performance than both

the conventional LS approach and the sensing-assisted state-

of-the-art method, which do not account for these differences.

In particular, in the considered setup, the proposed method is

able to achieve similar levels of MSE and SER performance

with 4× less overhead.
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