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Abstract—Intelligent reflecting surface (IRS) has recently been
recognized as a promising technology to enhance the energy
and spectrum efficiency of wireless networks by controlling the
wireless medium with the configurable electromagnetic materials.
In this paper, we consider the downlink transmit power mini-
mization problem for a IRS-empowered non-orthogonal multiple
access (NOMA) network by jointly optimizing the transmit
beamformers at the BS and the phase shift matrix at the IRS.
However, this problem turns out to be a highly intractable
non-convex bi-quadratic programming problem, for which an
alternative minimization framework is proposed via solving the
non-convex quadratic programs alternatively. We further develop
a novel difference-of-convex (DC) programming algorithm to
solve the resulting non-convex quadratic programs efficiently by
lifting the quadratic programs into rank-one constrained matrix
optimization problems, followed by representing the non-convex
rank function as a DC function. Simulation results demonstrate
the performance gains of the proposed method.

Index Terms—Intelligent reflection surface, non-orthogonal
multiple access, and difference-of-convex programming.

I. INTRODUCTION

Intelligent reflecting surface (IRS), as an emerging cost-
effective technology, has the great potential to significantly
enhance the spectrum and energy efficiency of wireless net-
works by reconfiguring the wireless propagation environment
[1, 2]. Specifically, an IRS is a metasurface composed of a
large number of passive reflecting elements, each of which is
able to independently change the phase shift of the incident
signal to be reflected [3, 4]. By adaptively altering the reflected
signal propagation, an IRS is able to achieve desired channel
responses for constructive signal combination and interference
cancellation at the receivers, thereby enhancing the wireless
network performance [5].

The beamforming design for IRS-empowered wireless net-
works has recently attracted considerable attention [6–9]. The
base station (BS) transmit power minimization problem was
considered in [6] by jointly optimizing active beamforming
at the BS and passive beamforming at the IRS. It was
demonstrated that the IRS can significantly reduce the energy
consumption in wireless networks [6]. The achievable max-
imin data rate optimization problem was considered in [7]
via random matrix theory, while the fractional programming
algorithm was developed in [8] to solve the weighted sum-rate
maximization problem. In addition, the IRS was leveraged to
boost the received signal power for over-the-air computation
in multiple access networks [9].

Non-orthogonal multiple access (NOMA) becomes one of
the key enabling techniques in wireless networks to support

massive connected devices and enhance the spectral efficiency
[10, 11]. With power-domain NOMA, a BS can concurrently
serve multiple users in the same resource block by using
superposition coding and performing successive interference
cancellation at the BS and users, respectively [12]. The per-
formance gains of NOMA over orthogonal multiple access
has been demonstrated in massive multiple input single output
networks [13], millimeter wave networks [14], and etc. In the
emerging 6G networks, it becomes critical to support new
intelligent services with stringent requirements on data rates,
latency, and connectivity [15, 16], for which we shall propose
an IRS-empowered NOMA technique to provide a potential
multiple access solution for the future 6G networks.

In this paper, we consider a downlink IRS-empowered
NOMA network, where a single BS serves multiple users
with the help of an IRS. Specifically, we propose to jointly
optimize the beamforming vectors at the BS and the phase
shift matrix at the IRS to minimize the total transmit power
consumption at the BS, while satisfying the quality-of-service
(QoS) requirements of each user. The formulated problem
turns out to be a highly intractable non-convex bi-quadratic
programming problem, for which we present an alternative op-
timization method to update the beamforming vectors and the
phase shift matrix alternatively. We further propose to lift the
non-convex quadratically constrained quadratic programming
(QCQP) problems in the alternatively updating procedure into
rank-one constrained matrix optimization problems. Although
dropping the fixed–rank constraint using the semidefinite re-
laxation (SDR) [17] approach could yield a convex problem
[13], the obtained solutions normally yield poor performance
in the high-dimensional settings [9, 18].

To overcome the limitations of the SDR method, we instead
propose a difference-of-convex (DC) method by recasting the
non-convex QCQP problem as a DC programming problem.
Specifically, we present an exact DC representation for the
non-convex rank-one constrained positive semidefinite (PSD)
matrix by exploiting the difference between the trace norm
and the spectral norm [19]. We then develop an efficient
DC algorithm to solve the resulting non-convex DC program-
ming problem. Due to the superiority of the proposed DC
representation, the numerical results show that the proposed
DC method considerably outperforms the existing methods in
terms of minimizing the downlink transmit power in the IRS-
empowered NOMA network.
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<latexit sha1_base64="W/rMKwbi5nGV4kwqtxSZObz0mXY=">AAAB+HicbVDJSgNBEK2JW4xLoh69NAbBU5jRg5404MVjBLNAEkJPp5I06VnorhHjkC/x4kERr/6Cf+DNv7GzHDTxQcHjvSqq6vmxkoZc99vJrKyurW9kN3Nb2zu7+cLefs1EiRZYFZGKdMPnBpUMsUqSFDZijTzwFdb94fXEr9+jNjIK72gUYzvg/VD2pOBkpU4h3yJ8oLRqUI9Ziw07haJbcqdgy8Sbk+LV59lZGQAqncJXqxuJJMCQhOLGND03pnbKNUmhcJxrJQZjLoa8j01LQx6gaafTw8fs2Cpd1ou0rZDYVP09kfLAmFHg286A08AsehPxP6+ZUO+incowTghDMVvUSxSjiE1SYF2pUZAaWcKFlvZWJgZcc0E2q5wNwVt8eZnUTkueW/Ju3WL5EmbIwiEcwQl4cA5luIEKVEFAAk/wAq/Oo/PsvDnvs9aMM585gD9wPn4AyeGUoA==</latexit><latexit sha1_base64="tDg49/hpABd5uqn8dihBZAVDRd4=">AAAB+HicbVDLTgJBEJzFF+KDVY9eJhITT2RXD3pSEi8eMXGBBDZkdmhgwuwjM71G3PAlXjxojFd/wT/w5t84LBwUrKSTSlV3uruCRAqNjvNtFVZW19Y3ipulre2d3bK9t9/Qcao4eDyWsWoFTIMUEXgoUEIrUcDCQEIzGF1P/eY9KC3i6A7HCfghG0SiLzhDI3XtcgfhATNPg5rQDh117YpTdXLQZeLOSeXq8yxHvWt/dXoxT0OIkEumddt1EvQzplBwCZNSJ9WQMD5iA2gbGrEQtJ/lh0/osVF6tB8rUxHSXP09kbFQ63EYmM6Q4VAvelPxP6+dYv/Cz0SUpAgRny3qp5JiTKcp0J5QwFGODWFcCXMr5UOmGEeTVcmE4C6+vEwap1XXqbq3TqV2SWYokkNyRE6IS85JjdyQOvEIJyl5Ii/k1Xq0nq03633WWrDmMwfkD6yPH4TelSw=</latexit><latexit sha1_base64="tDg49/hpABd5uqn8dihBZAVDRd4=">AAAB+HicbVDLTgJBEJzFF+KDVY9eJhITT2RXD3pSEi8eMXGBBDZkdmhgwuwjM71G3PAlXjxojFd/wT/w5t84LBwUrKSTSlV3uruCRAqNjvNtFVZW19Y3ipulre2d3bK9t9/Qcao4eDyWsWoFTIMUEXgoUEIrUcDCQEIzGF1P/eY9KC3i6A7HCfghG0SiLzhDI3XtcgfhATNPg5rQDh117YpTdXLQZeLOSeXq8yxHvWt/dXoxT0OIkEumddt1EvQzplBwCZNSJ9WQMD5iA2gbGrEQtJ/lh0/osVF6tB8rUxHSXP09kbFQ63EYmM6Q4VAvelPxP6+dYv/Cz0SUpAgRny3qp5JiTKcp0J5QwFGODWFcCXMr5UOmGEeTVcmE4C6+vEwap1XXqbq3TqV2SWYokkNyRE6IS85JjdyQOvEIJyl5Ii/k1Xq0nq03633WWrDmMwfkD6yPH4TelSw=</latexit><latexit sha1_base64="wifaHUIH7xigYtEYHMoR/Z3Fakg=">AAAB+HicbVBNS8NAEN34WetHox69LBbBU0m86EkKXjxWMG2hCWWznbRLNx/sTsQa+ku8eFDEqz/Fm//GbZuDtj4YeLw3w8y8MJNCo+N8W2vrG5tb25Wd6u7e/kHNPjxq6zRXHDyeylR1Q6ZBigQ8FCihmylgcSihE45vZn7nAZQWaXKPkwyCmA0TEQnO0Eh9u+YjPGLhaVBT6tNx3647DWcOukrcktRJiVbf/vIHKc9jSJBLpnXPdTIMCqZQcAnTqp9ryBgfsyH0DE1YDDoo5odP6ZlRBjRKlakE6Vz9PVGwWOtJHJrOmOFIL3sz8T+vl2N0FRQiyXKEhC8WRbmkmNJZCnQgFHCUE0MYV8LcSvmIKcbRZFU1IbjLL6+S9kXDdRrunVNvXpdxVMgJOSXnxCWXpEluSYt4hJOcPJNX8mY9WS/Wu/WxaF2zyplj8gfW5w+MJZL4</latexit>

User 1
<latexit sha1_base64="aqmLiP+XMWw6x+lzNoDZa9fjMI4=">AAAB+HicbVDJSgNBEK2JW4xLoh69NAbBU5jRg5404MVjBLNAEkJPp5I06VnorhHjkC/x4kERr/6Cf+DNv7GzHDTxQcHjvSqq6vmxkoZc99vJrKyurW9kN3Nb2zu7+cLefs1EiRZYFZGKdMPnBpUMsUqSFDZijTzwFdb94fXEr9+jNjIK72gUYzvg/VD2pOBkpU4h3yJ8oLRqUI9Zi3mdQtEtuVOwZeLNSfHq8+ysDACVTuGr1Y1EEmBIQnFjmp4bUzvlmqRQOM61EoMxF0Pex6alIQ/QtNPp4WN2bJUu60XaVkhsqv6eSHlgzCjwbWfAaWAWvYn4n9dMqHfRTmUYJ4ShmC3qJYpRxCYpsK7UKEiNLOFCS3srEwOuuSCbVc6G4C2+vExqpyXPLXm3brF8CTNk4RCO4AQ8OIcy3EAFqiAggSd4gVfn0Xl23pz3WWvGmc8cwB84Hz9x+ZRm</latexit><latexit sha1_base64="zeiaJIzrYv2AmsVbij2oK2XFhmY=">AAAB+HicbVDLSgNBEJyNrxgfiXr0MhgET2FXD3rSgBePEcwDsiHMTnqTIbOzy0yvGJd8iRcPinj1F/wDb/6Nk8dBEwsaiqpuuruCRAqDrvvt5FZW19Y38puFre2d3WJpb79h4lRzqPNYxroVMANSKKijQAmtRAOLAgnNYHg98Zv3oI2I1R2OEuhErK9EKDhDK3VLRR/hAbO6AT2mPvW6pbJbcaegy8Sbk/LV59kUtW7py+/FPI1AIZfMmLbnJtjJmEbBJYwLfmogYXzI+tC2VLEITCebHj6mx1bp0TDWthTSqfp7ImORMaMosJ0Rw4FZ9Cbif147xfCikwmVpAiKzxaFqaQY00kKtCc0cJQjSxjXwt5K+YBpxtFmVbAheIsvL5PGacVzK96tW65ekhny5JAckRPikXNSJTekRuqEk5Q8kRfy6jw6z86b8z5rzTnzmQPyB87HDyz2lPI=</latexit><latexit sha1_base64="zeiaJIzrYv2AmsVbij2oK2XFhmY=">AAAB+HicbVDLSgNBEJyNrxgfiXr0MhgET2FXD3rSgBePEcwDsiHMTnqTIbOzy0yvGJd8iRcPinj1F/wDb/6Nk8dBEwsaiqpuuruCRAqDrvvt5FZW19Y38puFre2d3WJpb79h4lRzqPNYxroVMANSKKijQAmtRAOLAgnNYHg98Zv3oI2I1R2OEuhErK9EKDhDK3VLRR/hAbO6AT2mPvW6pbJbcaegy8Sbk/LV59kUtW7py+/FPI1AIZfMmLbnJtjJmEbBJYwLfmogYXzI+tC2VLEITCebHj6mx1bp0TDWthTSqfp7ImORMaMosJ0Rw4FZ9Cbif147xfCikwmVpAiKzxaFqaQY00kKtCc0cJQjSxjXwt5K+YBpxtFmVbAheIsvL5PGacVzK96tW65ekhny5JAckRPikXNSJTekRuqEk5Q8kRfy6jw6z86b8z5rzTnzmQPyB87HDyz2lPI=</latexit><latexit sha1_base64="Hkx3ggeu/1rMfP/mBjuMFw8jcC8=">AAAB+HicbVBNS8NAEN34WetHox69LBbBU0m86EkKXjxWMG2hCWWznbRLNx/sTsQa+ku8eFDEqz/Fm//GbZuDtj4YeLw3w8y8MJNCo+N8W2vrG5tb25Wd6u7e/kHNPjxq6zRXHDyeylR1Q6ZBigQ8FCihmylgcSihE45vZn7nAZQWaXKPkwyCmA0TEQnO0Eh9u+YjPGLhaVBT6lO3b9edhjMHXSVuSeqkRKtvf/mDlOcxJMgl07rnOhkGBVMouIRp1c81ZIyP2RB6hiYsBh0U88On9MwoAxqlylSCdK7+nihYrPUkDk1nzHCkl72Z+J/XyzG6CgqRZDlCwheLolxSTOksBToQCjjKiSGMK2FupXzEFONosqqaENzll1dJ+6LhOg33zqk3r8s4KuSEnJJz4pJL0iS3pEU8wklOnskrebOerBfr3fpYtK5Z5cwx+QPr8wc0PZK+</latexit> User k � 1

<latexit sha1_base64="in/Do9bVWiFGWybVG8fbiuz8aes=">AAAB+nicbVDJSgNBEK1xjXFL9OilMQheDDN60JMEvHiMYBZIQujpVJImPQvdNWoY8ylePCji1Q/wG7z5N3aWgyY+KHi8V0VVPT9W0pDrfjtLyyura+uZjezm1vbObi6/VzVRogVWRKQiXfe5QSVDrJAkhfVYIw98hTV/cDX2a3eojYzCWxrG2Ap4L5RdKThZqZ3LNwkfKK0Y1CPWZIMTr50ruEV3ArZIvBkplFbPjj8BoNzOfTU7kUgCDEkobkzDc2NqpVyTFApH2WZiMOZiwHvYsDTkAZpWOjl9xI6s0mHdSNsKiU3U3xMpD4wZBr7tDDj1zbw3Fv/zGgl1L1qpDOOEMBTTRd1EMYrYOAfWkRoFqaElXGhpb2WizzUXZNPK2hC8+ZcXSfW06LlF78amcQlTZOAADuEYPDiHElxDGSog4B6e4AVenUfn2Xlz3qetS85sZh/+wPn4AUtSlMo=</latexit><latexit sha1_base64="cvLbw9pLuMMLCH7/q1TYA3jeVTc=">AAAB+nicbVA9SwNBEN1TozF+JVraLAYhjeFOC60kYGMZwXxAEsLeZpIs2ds7dufUcOan2FgoYiv2/gUr/TduPgpNfDDweG+GmXl+JIVB1/12lpZXUqtr6fXMxubW9k42t1s1Yaw5VHgoQ133mQEpFFRQoIR6pIEFvoSaP7gY+7Ub0EaE6hqHEbQC1lOiKzhDK7WzuSbCHSYVA3pEm3Rw5LWzebfoTkAXiTcj+VLqpPD+pT7K7exnsxPyOACFXDJjGp4bYSthGgWXMMo0YwMR4wPWg4aligVgWsnk9BE9tEqHdkNtSyGdqL8nEhYYMwx82xkw7Jt5byz+5zVi7J61EqGiGEHx6aJuLCmGdJwD7QgNHOXQEsa1sLdS3meacbRpZWwI3vzLi6R6XPTcondl0zgnU6TJPjkgBeKRU1Iil6RMKoSTW/JAnsizc+88Oi/O67R1yZnN7JE/cN5+APNxlsc=</latexit><latexit sha1_base64="cvLbw9pLuMMLCH7/q1TYA3jeVTc=">AAAB+nicbVA9SwNBEN1TozF+JVraLAYhjeFOC60kYGMZwXxAEsLeZpIs2ds7dufUcOan2FgoYiv2/gUr/TduPgpNfDDweG+GmXl+JIVB1/12lpZXUqtr6fXMxubW9k42t1s1Yaw5VHgoQ133mQEpFFRQoIR6pIEFvoSaP7gY+7Ub0EaE6hqHEbQC1lOiKzhDK7WzuSbCHSYVA3pEm3Rw5LWzebfoTkAXiTcj+VLqpPD+pT7K7exnsxPyOACFXDJjGp4bYSthGgWXMMo0YwMR4wPWg4aligVgWsnk9BE9tEqHdkNtSyGdqL8nEhYYMwx82xkw7Jt5byz+5zVi7J61EqGiGEHx6aJuLCmGdJwD7QgNHOXQEsa1sLdS3meacbRpZWwI3vzLi6R6XPTcondl0zgnU6TJPjkgBeKRU1Iil6RMKoSTW/JAnsizc+88Oi/O67R1yZnN7JE/cN5+APNxlsc=</latexit><latexit sha1_base64="wfwgspYbLgVWfZlOFfuwrstZSTg=">AAAB+nicbVA9SwNBEN3zM8avi5Y2i0GwMdzZaCUBG8sIXhLIhbC3mUuW7H2wO6eGMz/FxkIRW3+Jnf/GTXKFJj4YeLw3w8y8IJVCo+N8Wyura+sbm6Wt8vbO7t6+XTlo6iRTHDyeyES1A6ZBihg8FCihnSpgUSChFYyup37rHpQWSXyH4xS6ERvEIhScoZF6dsVHeMTc06Am1KejM7dnV52aMwNdJm5BqqRAo2d/+f2EZxHEyCXTuuM6KXZzplBwCZOyn2lIGR+xAXQMjVkEupvPTp/QE6P0aZgoUzHSmfp7ImeR1uMoMJ0Rw6Fe9Kbif14nw/Cym4s4zRBiPl8UZpJiQqc50L5QwFGODWFcCXMr5UOmGEeTVtmE4C6+vEya5zXXqbm3TrV+VcRRIkfkmJwSl1yQOrkhDeIRTh7IM3klb9aT9WK9Wx/z1hWrmDkkf2B9/gBwl5Nq</latexit>

User k + 1
<latexit sha1_base64="IAEC9XygY4tp470iGJGsfS5fAeQ=">AAAB+nicbVDJSgNBEK1xjXFL9OilMQiCEGb0oCcJePEYwSyQhNDTqSRNeha6a9Qw5lO8eFDEqx/gN3jzb+wsB018UPB4r4qqen6spCHX/XaWlldW19YzG9nNre2d3Vx+r2qiRAusiEhFuu5zg0qGWCFJCuuxRh74Cmv+4Grs1+5QGxmFtzSMsRXwXii7UnCyUjuXbxI+UFoxqEesyQYnXjtXcIvuBGyReDNSKK2eHX8CQLmd+2p2IpEEGJJQ3JiG58bUSrkmKRSOss3EYMzFgPewYWnIAzStdHL6iB1ZpcO6kbYVEpuovydSHhgzDHzbGXDqm3lvLP7nNRLqXrRSGcYJYSimi7qJYhSxcQ6sIzUKUkNLuNDS3spEn2suyKaVtSF48y8vkupp0XOL3o1N4xKmyMABHMIxeHAOJbiGMlRAwD08wQu8Oo/Os/PmvE9bl5zZzD78gfPxA0hIlMg=</latexit><latexit sha1_base64="wwLk4H+3xX653lPTrYl9GVOPCEI=">AAAB+nicbVA9SwNBEN1TozF+JVraLAYhIIQ7LbSSgI1lBPMBSQh7m0myZG/v2J1Tw5mfYmOhiK3Y+xes9N+4+Sg08cHA470ZZub5kRQGXffbWVpeSa2updczG5tb2zvZ3G7VhLHmUOGhDHXdZwakUFBBgRLqkQYW+BJq/uBi7NduQBsRqmscRtAKWE+JruAMrdTO5poId5hUDOgRbdLBkdfO5t2iOwFdJN6M5Eupk8L7l/oot7OfzU7I4wAUcsmMaXhuhK2EaRRcwijTjA1EjA9YDxqWKhaAaSWT00f00Cod2g21LYV0ov6eSFhgzDDwbWfAsG/mvbH4n9eIsXvWSoSKYgTFp4u6saQY0nEOtCM0cJRDSxjXwt5KeZ9pxtGmlbEhePMvL5LqcdFzi96VTeOcTJEm++SAFIhHTkmJXJIyqRBObskDeSLPzr3z6Lw4r9PWJWc2s0f+wHn7AfBnlsU=</latexit><latexit sha1_base64="wwLk4H+3xX653lPTrYl9GVOPCEI=">AAAB+nicbVA9SwNBEN1TozF+JVraLAYhIIQ7LbSSgI1lBPMBSQh7m0myZG/v2J1Tw5mfYmOhiK3Y+xes9N+4+Sg08cHA470ZZub5kRQGXffbWVpeSa2updczG5tb2zvZ3G7VhLHmUOGhDHXdZwakUFBBgRLqkQYW+BJq/uBi7NduQBsRqmscRtAKWE+JruAMrdTO5poId5hUDOgRbdLBkdfO5t2iOwFdJN6M5Eupk8L7l/oot7OfzU7I4wAUcsmMaXhuhK2EaRRcwijTjA1EjA9YDxqWKhaAaSWT00f00Cod2g21LYV0ov6eSFhgzDDwbWfAsG/mvbH4n9eIsXvWSoSKYgTFp4u6saQY0nEOtCM0cJRDSxjXwt5KeZ9pxtGmlbEhePMvL5LqcdFzi96VTeOcTJEm++SAFIhHTkmJXJIyqRBObskDeSLPzr3z6Lw4r9PWJWc2s0f+wHn7AfBnlsU=</latexit><latexit sha1_base64="hE9aP2oFsMtLo8xiYv42syeeutw=">AAAB+nicbVBNS8NAEN34WetXqkcvi0UQhJJ40ZMUvHisYNpCU8pmO2mXbj7Ynagl9qd48aCIV3+JN/+N2zYHbX0w8Hhvhpl5QSqFRsf5tlZW19Y3Nktb5e2d3b19u3LQ1EmmOHg8kYlqB0yDFDF4KFBCO1XAokBCKxhdT/3WPSgtkvgOxyl0IzaIRSg4QyP17IqP8Ii5p0FNqE9HZ27Prjo1Zwa6TNyCVEmBRs/+8vsJzyKIkUumdcd1UuzmTKHgEiZlP9OQMj5iA+gYGrMIdDefnT6hJ0bp0zBRpmKkM/X3RM4ircdRYDojhkO96E3F/7xOhuFlNxdxmiHEfL4ozCTFhE5zoH2hgKMcG8K4EuZWyodMMY4mrbIJwV18eZk0z2uuU3NvnWr9qoijRI7IMTklLrkgdXJDGsQjnDyQZ/JK3qwn68V6tz7mrStWMXNI/sD6/AFtjZNo</latexit>

h r,
k

<latexit sha1_base64="/K9qDT7N6rjeUxplSCRF/2AcpAo=">AAAB7nicbVDLSgNBEOyNrxhfUY9eRoPgQcKuFz1JwIvHCOYByRJmJ73JsLOzy8ysEpaAv+DFgyJe/R5v/o2Tx0ETCxqKqm66u4JUcG1c99sprKyurW8UN0tb2zu7e+X9g6ZOMsWwwRKRqHZANQousWG4EdhOFdI4ENgKopuJ33pApXki780oRT+mA8lDzqixUmvYy9V5NO6VK27VnYIsE29OKrXjR/EEAPVe+avbT1gWozRMUK07npsaP6fKcCZwXOpmGlPKIjrAjqWSxqj9fHrumJxapU/CRNmShkzV3xM5jbUexYHtjKkZ6kVvIv7ndTITXvk5l2lmULLZojATxCRk8jvpc4XMiJEllClubyVsSBVlxiZUsiF4iy8vk+ZF1XOr3p1N4xpmKMIRnMAZeHAJNbiFOjSAQQTP8ApvTuq8OO/Ox6y14MxnDuEPnM8frVGRRA==</latexit><latexit sha1_base64="UwO1EE/Ji3sLHzRSPkqB4PKowhw=">AAAB7nicbVA9SwNBEJ3zM8avqKXNahAsJNzZaCWBNJYRzAckR9jbzCVL9vaO3T0lHCmsrSy0UMTW32Pnv3HzUWjig4HHezPMzAsSwbVx3W9naXlldW09t5Hf3Nre2S3s7dd1nCqGNRaLWDUDqlFwiTXDjcBmopBGgcBGMKiM/cYdKs1jeWuGCfoR7UkeckaNlRr9TqbOBqNOoeiW3AnIIvFmpFg+uhePleeHaqfw1e7GLI1QGiao1i3PTYyfUWU4EzjKt1ONCWUD2sOWpZJGqP1scu6InFilS8JY2ZKGTNTfExmNtB5Gge2MqOnreW8s/ue1UhNe+hmXSWpQsumiMBXExGT8O+lyhcyIoSWUKW5vJaxPFWXGJpS3IXjzLy+S+nnJc0vejU3jCqbIwSEcwyl4cAFluIYq1IDBAJ7gFd6cxHlx3p2PaeuSM5s5gD9wPn8AiN+SqA==</latexit><latexit sha1_base64="UwO1EE/Ji3sLHzRSPkqB4PKowhw=">AAAB7nicbVA9SwNBEJ3zM8avqKXNahAsJNzZaCWBNJYRzAckR9jbzCVL9vaO3T0lHCmsrSy0UMTW32Pnv3HzUWjig4HHezPMzAsSwbVx3W9naXlldW09t5Hf3Nre2S3s7dd1nCqGNRaLWDUDqlFwiTXDjcBmopBGgcBGMKiM/cYdKs1jeWuGCfoR7UkeckaNlRr9TqbOBqNOoeiW3AnIIvFmpFg+uhePleeHaqfw1e7GLI1QGiao1i3PTYyfUWU4EzjKt1ONCWUD2sOWpZJGqP1scu6InFilS8JY2ZKGTNTfExmNtB5Gge2MqOnreW8s/ue1UhNe+hmXSWpQsumiMBXExGT8O+lyhcyIoSWUKW5vJaxPFWXGJpS3IXjzLy+S+nnJc0vejU3jCqbIwSEcwyl4cAFluIYq1IDBAJ7gFd6cxHlx3p2PaeuSM5s5gD9wPn8AiN+SqA==</latexit><latexit sha1_base64="z4piPC2bMrEC8ztAHfsROD6RJMg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBg5TESz1JwYvHCvYD2lA220m7ZLMJuxuhhP4ILx4U8erv8ea/cdvmoK0PBh7vzTAzL0gF18Z1v53SxubW9k55t7K3f3B4VD0+6egkUwzbLBGJ6gVUo+AS24Ybgb1UIY0Dgd0gupv73SdUmify0UxT9GM6ljzkjBordSfDXF1Fs2G15tbdBcg68QpSgwKtYfVrMEpYFqM0TFCt+56bGj+nynAmcFYZZBpTyiI6xr6lksao/Xxx7oxcWGVEwkTZkoYs1N8TOY21nsaB7YypmehVby7+5/UzE974OZdpZlCy5aIwE8QkZP47GXGFzIipJZQpbm8lbEIVZcYmVLEheKsvr5POdd1z696DW2veFnGU4QzO4RI8aEAT7qEFbWAQwTO8wpuTOi/Ou/OxbC05xcwp/IHz+QNLFo+A</latexit>

G
<latexit sha1_base64="h9rKVnf7+R4aWZ1LSaSj8Y4YtnI=">AAAB6HicbZC7SgNBFIbPxluMt6ilzWAQrMKuFlppwELLBMwFkiXMTs4mY2Znl5lZISx5AhsLRWx9Fd/Azrdxcik08YeBj/8/hznnBIng2rjut5NbWV1b38hvFra2d3b3ivsHDR2nimGdxSJWrYBqFFxi3XAjsJUopFEgsBkMbyZ58xGV5rG8N6ME/Yj2JQ85o8ZatdtuseSW3anIMnhzKF1/np9XAKDaLX51ejFLI5SGCap123MT42dUGc4EjgudVGNC2ZD2sW1R0gi1n00HHZMT6/RIGCv7pCFT93dHRiOtR1FgKyNqBnoxm5j/Ze3UhJd+xmWSGpRs9lGYCmJiMtma9LhCZsTIAmWK21kJG1BFmbG3KdgjeIsrL0PjrOy5Za/mlipXMFMejuAYTsGDC6jAHVShDgwQnuAFXp0H59l5c95npTln3nMIf+R8/ADXPY5r</latexit><latexit sha1_base64="8/Zqa3CgcqCnGiAMZ+2vMpqPCO0=">AAAB6HicbZC7SgNBFIbPxluMt6ilzWAQrMKuFlppwELLBMwFkiXMTs4mY2Znl5lZIYQ8gY2FIra+im9g59s42aTQxB8GPv7/HOacEySCa+O6305uZXVtfSO/Wdja3tndK+4fNHScKoZ1FotYtQKqUXCJdcONwFaikEaBwGYwvJnmzUdUmsfy3owS9CPalzzkjBpr1W67xZJbdjORZfDmULr+PM9U7Ra/Or2YpRFKwwTVuu25ifHHVBnOBE4KnVRjQtmQ9rFtUdIItT/OBp2QE+v0SBgr+6Qhmfu7Y0wjrUdRYCsjagZ6MZua/2Xt1ISX/pjLJDUo2eyjMBXExGS6NelxhcyIkQXKFLezEjagijJjb1OwR/AWV16GxlnZc8tezS1VrmCmPBzBMZyCBxdQgTuoQh0YIDzBC7w6D86z8+a8z0pzzrznEP7I+fgBkjqO9w==</latexit><latexit sha1_base64="8/Zqa3CgcqCnGiAMZ+2vMpqPCO0=">AAAB6HicbZC7SgNBFIbPxluMt6ilzWAQrMKuFlppwELLBMwFkiXMTs4mY2Znl5lZIYQ8gY2FIra+im9g59s42aTQxB8GPv7/HOacEySCa+O6305uZXVtfSO/Wdja3tndK+4fNHScKoZ1FotYtQKqUXCJdcONwFaikEaBwGYwvJnmzUdUmsfy3owS9CPalzzkjBpr1W67xZJbdjORZfDmULr+PM9U7Ra/Or2YpRFKwwTVuu25ifHHVBnOBE4KnVRjQtmQ9rFtUdIItT/OBp2QE+v0SBgr+6Qhmfu7Y0wjrUdRYCsjagZ6MZua/2Xt1ISX/pjLJDUo2eyjMBXExGS6NelxhcyIkQXKFLezEjagijJjb1OwR/AWV16GxlnZc8tezS1VrmCmPBzBMZyCBxdQgTuoQh0YIDzBC7w6D86z8+a8z0pzzrznEP7I+fgBkjqO9w==</latexit><latexit sha1_base64="7YiVREDh/jDWxoZe9lCABXvFbvU=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5sTCUBCy0TMB+QHGFvM5es2ds7dveEcOQX2FgoYutPsvPfuEmu0MQHA4/3ZpiZFySCa+O6305hY3Nre6e4W9rbPzg8Kh+ftHWcKoYtFotYdQOqUXCJLcONwG6ikEaBwE4wuZ37nSdUmsfywUwT9CM6kjzkjBorNe8G5YpbdRcg68TLSQVyNAblr/4wZmmE0jBBte55bmL8jCrDmcBZqZ9qTCib0BH2LJU0Qu1ni0Nn5MIqQxLGypY0ZKH+nshopPU0CmxnRM1Yr3pz8T+vl5qw5mdcJqlByZaLwlQQE5P512TIFTIjppZQpri9lbAxVZQZm03JhuCtvrxO2ldVz616TbdSv8njKMIZnMMleHANdbiHBrSAAcIzvMKb8+i8OO/Ox7K14OQzp/AHzucPmYGMww==</latexit>

Decodable at User k
<latexit sha1_base64="SMpbyVn+b16dCWdzqO6DuOpOiPU=">AAACBHicbVC7SgNBFL0b3/G1aplmMAhWYVcLrTSghaWCiUKyhNnZGzNk9sHMXTEsKWz8FRsLRWxt/AM7/8ZJYuHrwMDhnHu4c0+YKWnI8z6c0tT0zOzc/EJ5cWl5ZdVdW2+aNNcCGyJVqb4MuUElE2yQJIWXmUYehwovwv7RyL+4Rm1kmpzTIMMg5leJ7ErByUodt9ImvKHiGEUacRtinFjDoB62Wb/jVr2aNwb7S/wvUj18292tA8Bpx31vR6nIY0xIKG5My/cyCgquSQqFw3I7N5hx0edX2LI04TGaoBgfMWRbVolYN9X2JcTG6vdEwWNjBnFoJ2NOPfPbG4n/ea2cuvtBIZMsJ0zEZFE3V4xSNmqERVKjIDWwhAst7V+Z6HHNBdneyrYE//fJf0lzp+Z7Nf/Mq9YPYIJ5qMAmbIMPe1CHEziFBgi4hXt4hCfnznlwnp2XyWjJ+cpswA84r5+TuZmA</latexit><latexit sha1_base64="Y1emKcWYMOC891ozrYNlkWE0OOY=">AAACBHicbVC7SgNBFJ2Nrxhfq5ZpBoNgFXa10EoDWlhGMA9IljA7e5MMmX0wc1cMSwobf8XGQhFbG//Azr9x8ig08cDA4Zx7uHOPn0ih0XG+rdzS8srqWn69sLG5tb1j7+7VdZwqDjUey1g1faZBighqKFBCM1HAQl9Cwx9cjv3GHSgt4ugWhwl4IetFois4QyN17GIb4R6zK+BxwEyIMqQ1DWrUpoOOXXLKzgR0kbgzUrr4PJmg2rG/2kHM0xAi5JJp3XKdBL2MKRRcwqjQTjUkjA9YD1qGRiwE7WWTI0b00CgB7cbKvAjpRP2dyFio9TD0zWTIsK/nvbH4n9dKsXvmZSJKUoSITxd1U0kxpuNGaCAUcJRDQxhXwvyV8j5TjKPprWBKcOdPXiT147LrlN0bp1Q5J1PkSZEckCPiklNSIdekSmqEkwfyRF7Iq/VoPVtv1vt0NGfNMvvkD6yPH062mgw=</latexit><latexit sha1_base64="Y1emKcWYMOC891ozrYNlkWE0OOY=">AAACBHicbVC7SgNBFJ2Nrxhfq5ZpBoNgFXa10EoDWlhGMA9IljA7e5MMmX0wc1cMSwobf8XGQhFbG//Azr9x8ig08cDA4Zx7uHOPn0ih0XG+rdzS8srqWn69sLG5tb1j7+7VdZwqDjUey1g1faZBighqKFBCM1HAQl9Cwx9cjv3GHSgt4ugWhwl4IetFois4QyN17GIb4R6zK+BxwEyIMqQ1DWrUpoOOXXLKzgR0kbgzUrr4PJmg2rG/2kHM0xAi5JJp3XKdBL2MKRRcwqjQTjUkjA9YD1qGRiwE7WWTI0b00CgB7cbKvAjpRP2dyFio9TD0zWTIsK/nvbH4n9dKsXvmZSJKUoSITxd1U0kxpuNGaCAUcJRDQxhXwvyV8j5TjKPprWBKcOdPXiT147LrlN0bp1Q5J1PkSZEckCPiklNSIdekSmqEkwfyRF7Iq/VoPVtv1vt0NGfNMvvkD6yPH062mgw=</latexit><latexit sha1_base64="qu/WKAr6Dovd9aLuB2dJXmtV5Sc=">AAACBHicbVC7SgNBFJ31GeMraplmMAhWYddGKwloYRnBTQLZJcxObpIhs7PLzF0xLCls/BUbC0Vs/Qg7/8bJo9DEAwOHc+7hzj1RKoVB1/12VlbX1jc2C1vF7Z3dvf3SwWHDJJnm4PNEJroVMQNSKPBRoIRWqoHFkYRmNLya+M170EYk6g5HKYQx6yvRE5yhlTqlcoDwgPk18KTLbIgypL4BPQ7osFOquFV3CrpMvDmpkDnqndJX0E14FoNCLpkxbc9NMcyZRsEljItBZiBlfMj60LZUsRhMmE+PGNMTq3RpL9H2KaRT9XciZ7ExoziykzHDgVn0JuJ/XjvD3kWYC5VmCIrPFvUySTGhk0ZoV2jgKEeWMK6F/SvlA6YZR9tb0ZbgLZ68TBpnVc+terdupXY5r6NAyuSYnBKPnJMauSF14hNOHskzeSVvzpPz4rw7H7PRFWeeOSJ/4Hz+AFX9l9g=</latexit>

Interference at User k
<latexit sha1_base64="hQM8SUCKLY5FyMWB2+4PYsmAXjs=">AAACB3icbVC7SgNBFL3r2/iKWlgIMhgEq7Bro5UINtopmERIQpid3I1DZmeXmbtiWNLZ+Cs2ForY+gt2/oTf4CSx0MQDA4dz7uXOOWGqpCXf//Smpmdm5+YXFgtLyyura8X1japNMiOwIhKVmOuQW1RSY4UkKbxODfI4VFgLu6cDv3aLxspEX1EvxWbMO1pGUnByUqu40yC8o/xcE5oIDWqBjBOrWDT9Buu2iiW/7A/BJknwQ0onW19fDAAuWsWPRjsRWYyahOLW1gM/pWbODUmhsF9oZBZTLrq8g3VHNY/RNvNhjj7bc0qbRYlxTxMbqr83ch5b24tDNxlzurHj3kD8z6tnFB01c6nTjFzC0aEoU4wSNiiFtaVBQarnCBdGur8yccMNF64VW3AlBOORJ0n1oBz45eDStXEMIyzANuzCPgRwCCdwBhdQAQH38AjP8OI9eE/eq/c2Gp3yfnY24Q+8928vdpuw</latexit><latexit sha1_base64="+GF1ILhMmdnjD9mYJCIWxStakTo=">AAACB3icbVC7SgNBFJ2N7/hI1MJCkMEgWIVdGy1EAjbaKZgHJCHMTu4mQ2Znl5m7YljS2fgrNhaK2PoLdn6Ard/g5FFo4oGBwzn3cuccP5bCoOt+Opm5+YXFpeWV7Ora+kYuv7lVMVGiOZR5JCNd85kBKRSUUaCEWqyBhb6Eqt87H/rVW9BGROoG+zE0Q9ZRIhCcoZVa+b0Gwh2mlwpBB6BBcaAMadmAHjRor5UvuEV3BDpLvAkplHa+v3Onz19XrfxHox3xJASFXDJj6p4bYzNlGgWXMMg2EgMx4z3WgbqlioVgmukox4AeWKVNg0jbp5CO1N8bKQuN6Ye+nQwZds20NxT/8+oJBifNVKg4QZtwfChIJMWIDkuhbaGBo+xbwrgW9q+Ud5lm3LZisrYEbzryLKkcFT236F3bNs7IGMtkl+yTQ+KRY1IiF+SKlAkn9+SRPJMX58F5cl6dt/FoxpnsbJM/cN5/AIlLnXM=</latexit><latexit sha1_base64="+GF1ILhMmdnjD9mYJCIWxStakTo=">AAACB3icbVC7SgNBFJ2N7/hI1MJCkMEgWIVdGy1EAjbaKZgHJCHMTu4mQ2Znl5m7YljS2fgrNhaK2PoLdn6Ard/g5FFo4oGBwzn3cuccP5bCoOt+Opm5+YXFpeWV7Ora+kYuv7lVMVGiOZR5JCNd85kBKRSUUaCEWqyBhb6Eqt87H/rVW9BGROoG+zE0Q9ZRIhCcoZVa+b0Gwh2mlwpBB6BBcaAMadmAHjRor5UvuEV3BDpLvAkplHa+v3Onz19XrfxHox3xJASFXDJj6p4bYzNlGgWXMMg2EgMx4z3WgbqlioVgmukox4AeWKVNg0jbp5CO1N8bKQuN6Ye+nQwZds20NxT/8+oJBifNVKg4QZtwfChIJMWIDkuhbaGBo+xbwrgW9q+Ud5lm3LZisrYEbzryLKkcFT236F3bNs7IGMtkl+yTQ+KRY1IiF+SKlAkn9+SRPJMX58F5cl6dt/FoxpnsbJM/cN5/AIlLnXM=</latexit><latexit sha1_base64="FkdLZZQR1NgO/pz3rI78G/KyX2w=">AAACB3icbVC7SgNBFJ2Nrxhfq5aCDAbBKuzaaCUBG+0imETIhjA7uZsMmZ1dZu6KYUln46/YWChi6y/Y+TdOHoUmHhg4nHMvd84JUykMet63U1haXlldK66XNja3tnfc3b2GSTLNoc4Tmei7kBmQQkEdBUq4SzWwOJTQDAeXY795D9qIRN3iMIV2zHpKRIIztFLHPQwQHjC/Vgg6Ag2KA2VI6wb0KKCDjlv2Kt4EdJH4M1ImM9Q67lfQTXgWg0IumTEt30uxnTONgksYlYLMQMr4gPWgZaliMZh2PskxosdW6dIo0fYppBP190bOYmOGcWgnY4Z9M++Nxf+8VobReTsXKs3QJpweijJJMaHjUmhXaOAoh5YwroX9K+V9phm3rZiSLcGfj7xIGqcV36v4N165ejGro0gOyBE5IT45I1VyRWqkTjh5JM/klbw5T86L8+58TEcLzmxnn/yB8/kDC7KZXQ==</latexit>

h d
,k

<latexit sha1_base64="T5nT61c3X+ZrofW336/GIwbx4tI=">AAAB7nicbVDLSgNBEOyNrxhfUY9eRoPgQcKuFz1JwIvHCOYByRJmZ2eTIbOzy0yvEpaAv+DFgyJe/R5v/o2Tx0ETCxqKqm66u4JUCoOu++0UVlbX1jeKm6Wt7Z3dvfL+QdMkmWa8wRKZ6HZADZdC8QYKlLydak7jQPJWMLyZ+K0Hro1I1D2OUu7HtK9EJBhFK7UGvTw8H4575Ypbdacgy8Sbk0rt+FE+AUC9V/7qhgnLYq6QSWpMx3NT9HOqUTDJx6VuZnhK2ZD2ecdSRWNu/Hx67picWiUkUaJtKSRT9fdETmNjRnFgO2OKA7PoTcT/vE6G0ZWfC5VmyBWbLYoySTAhk99JKDRnKEeWUKaFvZWwAdWUoU2oZEPwFl9eJs2LqudWvTubxjXMUIQjOIEz8OASanALdWgAgyE8wyu8Oanz4rw7H7PWgjOfOYQ/cD5/AJfvkTY=</latexit> <latexit sha1_base64="xhNj2XuQ2EsHPMRrfobrVgx/mUc=">AAAB7nicbVA9SwNBEJ3zM8avqKXNahAsJNzZaCWBNJYRzAckR9jb20uW29tbdveUcKSwtrLQQhFbf4+d/8bNR6GJDwYe780wMy+QnGnjut/O0vLK6tp6YaO4ubW9s1va22/qNFOENkjKU9UOsKacCdowzHDaloriJOC0FcS1sd+6o0qzVNyaoaR+gvuCRYxgY6XWoJeHZ/GoVyq7FXcCtEi8GSlXj+75Y+35od4rfXXDlGQJFYZwrHXHc6Xxc6wMI5yOit1MU4lJjPu0Y6nACdV+Pjl3hE6sEqIoVbaEQRP190SOE62HSWA7E2wGet4bi/95ncxEl37OhMwMFWS6KMo4Mika/45CpigxfGgJJorZWxEZYIWJsQkVbQje/MuLpHle8dyKd2PTuIIpCnAIx3AKHlxAFa6hDg0gEMMTvMKbI50X5935mLYuObOZA/gD5/MHc32Smg==</latexit> <latexit sha1_base64="xhNj2XuQ2EsHPMRrfobrVgx/mUc=">AAAB7nicbVA9SwNBEJ3zM8avqKXNahAsJNzZaCWBNJYRzAckR9jb20uW29tbdveUcKSwtrLQQhFbf4+d/8bNR6GJDwYe780wMy+QnGnjut/O0vLK6tp6YaO4ubW9s1va22/qNFOENkjKU9UOsKacCdowzHDaloriJOC0FcS1sd+6o0qzVNyaoaR+gvuCRYxgY6XWoJeHZ/GoVyq7FXcCtEi8GSlXj+75Y+35od4rfXXDlGQJFYZwrHXHc6Xxc6wMI5yOit1MU4lJjPu0Y6nACdV+Pjl3hE6sEqIoVbaEQRP190SOE62HSWA7E2wGet4bi/95ncxEl37OhMwMFWS6KMo4Mika/45CpigxfGgJJorZWxEZYIWJsQkVbQje/MuLpHle8dyKd2PTuIIpCnAIx3AKHlxAFa6hDg0gEMMTvMKbI50X5935mLYuObOZA/gD5/MHc32Smg==</latexit> <latexit sha1_base64="wpMWPUTilJMhqFx4i5hwFe0iBr4=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4kJJ40ZMUvHisYD+gDWWz2bRLNpuwOxFK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkwKg6777aytb2xubVd2qrt7+weHtaPjjklzzXibpTLVvYAaLoXibRQoeS/TnCaB5N0gvpv53SeujUjVI04y7id0pEQkGEUrdcfDIryMp8Na3W24c5BV4pWkDiVaw9rXIExZnnCFTFJj+p6boV9QjYJJPq0OcsMzymI64n1LFU248Yv5uVNybpWQRKm2pZDM1d8TBU2MmSSB7Uwojs2yNxP/8/o5Rjd+IVSWI1dssSjKJcGUzH4nodCcoZxYQpkW9lbCxlRThjahqg3BW355lXSuGp7b8B7cevO2jKMCp3AGF+DBNTThHlrQBgYxPMMrvDmZ8+K8Ox+L1jWnnDmBP3A+fwA1tI9y</latexit>

User K
<latexit sha1_base64="cA50n7dOkjQgOY2qGwMpfQ9Hpf4=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBA8hV096EkDXgQvEVwVklVmJ71myOyDmV41LPkPLx4U8epH+Afe/Bsnj4MaCxqKqm66u8JMSUOu++VMTc/Mzs2XFsqLS8srq5W19QuT5lqgL1KV6quQG1QyQZ8kKbzKNPI4VHgZdo8H/uUdaiPT5Jx6GQYxv01kJAUnK123CB+o8A3qfoud3lSqbs0dgk0Sb0yqRx97e3UAaNxUPlvtVOQxJiQUN6bpuRkFBdckhcJ+uZUbzLjo8ltsWprwGE1QDK/us22rtFmUalsJsaH6c6LgsTG9OLSdMaeO+esNxP+8Zk7RQVDIJMsJEzFaFOWKUcoGEbC21ChI9SzhQkt7KxMdrrkgG1TZhuD9fXmSXOzWPLfmnbnV+iGMUIJN2IId8GAf6nACDfBBgIZHeIYX5955cl6dt1HrlDOe2YBfcN6/AccHlCU=</latexit><latexit sha1_base64="OfSkna+f8cXEDTkma8ziSvgKP7Q=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoPgKezqQU8a8CJ4ieAmgWQNs5PeZMjsg5leNSz5Dy8eFPHqR/gH3vwbJxsPmljQUFR1093lJ1JotO0vq7CwuLS8Ulwtra1vbG6Vt3caOk4VB5fHMlYtn2mQIgIXBUpoJQpY6Eto+sOLid+8A6VFHN3gKAEvZP1IBIIzNNJtB+EBM1eDGnfoVbdcsat2DjpPnB9SOf84zlHvlj87vZinIUTIJdO67dgJehlTKLiEcamTakgYH7I+tA2NWAjay/Krx/TAKD0axMpUhDRXf09kLNR6FPqmM2Q40LPeRPzPa6cYnHqZiJIUIeLTRUEqKcZ0EgHtCQUc5cgQxpUwt1I+YIpxNEGVTAjO7MvzpHFUdeyqc21XamdkiiLZI/vkkDjkhNTIJakTl3CiyCN5Ji/WvfVkvVpv09aC9TOzS/7Aev8GggSUsQ==</latexit><latexit sha1_base64="OfSkna+f8cXEDTkma8ziSvgKP7Q=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoPgKezqQU8a8CJ4ieAmgWQNs5PeZMjsg5leNSz5Dy8eFPHqR/gH3vwbJxsPmljQUFR1093lJ1JotO0vq7CwuLS8Ulwtra1vbG6Vt3caOk4VB5fHMlYtn2mQIgIXBUpoJQpY6Eto+sOLid+8A6VFHN3gKAEvZP1IBIIzNNJtB+EBM1eDGnfoVbdcsat2DjpPnB9SOf84zlHvlj87vZinIUTIJdO67dgJehlTKLiEcamTakgYH7I+tA2NWAjay/Krx/TAKD0axMpUhDRXf09kLNR6FPqmM2Q40LPeRPzPa6cYnHqZiJIUIeLTRUEqKcZ0EgHtCQUc5cgQxpUwt1I+YIpxNEGVTAjO7MvzpHFUdeyqc21XamdkiiLZI/vkkDjkhNTIJakTl3CiyCN5Ji/WvfVkvVpv09aC9TOzS/7Aev8GggSUsQ==</latexit><latexit sha1_base64="dyOsL3ew2BNzqGHil2vU3AKN4+Y=">AAAB9XicbVA9SwNBEN2LXzF+RS1tFoNgFe5stJKAjWATwUsCuTPsbeaSJXsf7M6p4cj/sLFQxNb/Yue/cZNcoYkPBh7vzTAzL0il0Gjb31ZpZXVtfaO8Wdna3tndq+4ftHSSKQ4uT2SiOgHTIEUMLgqU0EkVsCiQ0A5GV1O//QBKiyS+w3EKfsQGsQgFZ2ikew/hCXNXg5p49KZXrdl1ewa6TJyC1EiBZq/65fUTnkUQI5dM665jp+jnTKHgEiYVL9OQMj5iA+gaGrMItJ/Prp7QE6P0aZgoUzHSmfp7ImeR1uMoMJ0Rw6Fe9Kbif143w/DCz0WcZggxny8KM0kxodMIaF8o4CjHhjCuhLmV8iFTjKMJqmJCcBZfXiats7pj151bu9a4LOIokyNyTE6JQ85Jg1yTJnEJJ4o8k1fyZj1aL9a79TFvLVnFzCH5A+vzB4lLkn0=</latexit>

Fig. 1. An IRS-empowered single-cell NOMA network.
II. SYSTEM MODEL AND PROBLEM FORMULATION

A. System Model
Consider the downlink NOMA transmission of a single-cell

network, where an IRS with N passive reflecting elements
is deployed to assist the transmission from a M -antenna BS
to K single-antenna users, as shown in Fig.1. We consider a
dense scenario, where the number of users is not less than the
number of antennas at the BS, i.e., K ≥ M . We denote sk
and wk ∈ CM as the signal and beamforming vector for user
Uk, respectively, where k ∈ K = {1, 2, . . . ,K}. Without loss
of generality, signal sk is assumed to have zero mean and unit
variance, i.e., E[sksHk ] = 1,∀ k ∈ K, where (·)H denotes the
conjugate transpose. After transmitted by the BS and reflected
by the IRS, the signal received at user Uk is given by

yk = (hH
r,kΘG+ hH

d,k)

K∑
j=1

wjsj + ek,∀ k ∈ K, (1)

where hd,k ∈ CM ,G ∈ CN×M , and hr,k ∈ CN denote
the channel responses from the BS to Uk, from the BS
to the IRS, and from the IRS to Uk, respectively, Θ =
diag(ejθ1 , . . . , ejθN ) ∈ CN×N represents the diagonal phase
shift matrix of the IRS with θn ∈ [0, 2π], n ∈ {1, . . . , N},
and ek ∼ CN (0, σ2) is the additive white Gaussian noise
(AWGN).

To facilitate NOMA transmission, the users are ordered
based on their channel quality with respect to the BS, which
has been widely adopted in the literature. Specifically, K users
are ordered as ‖hd,1‖2 ≤ ‖hd,2‖2 ≤ . . . ≤ ‖hd,K‖2, where
‖hd,k‖2 denotes the channel quality between user Uk and
the BS. Based on the decoding principle of NOMA, user U1

directly decodes its own signal by treating the signals intended
for other users as noise. On the other hand, user Uk, k ≥ 2,
sequentially decodes and removes other users’ signals, until its
own signal sk is decoded. Thus, the signal at user Ul before
decoding signal sk can be expressed as

ykl = (hH
r,lΘG+ hH

d,l)

K∑
j=k

wjsj + el, ∀ l = k, . . . ,K. (2)

After successfully canceling the signals intended for users
{U1, . . . , Uk−1}, the achievable data rate of Uk is given by

Rk = log2

(
1 + min

l∈[k,K]
SINRkl

)
, (3)

where the signal-to-interference-plus-noise ratio (SINR) of
signal sk at user Ul can be expressed as

SINRkl =
|(hH

r,lΘG+ hH
d,l)wk|2

|(hH
r,lΘG+ hH

d,l)
∑K
j=k+1wj |2 + σ2

. (4)

B. Problem Formulation
In this subsection, we formulate an optimization problem to

jointly optimize the beamforming vectors (i.e., {wk,∀ k ∈ K})
at the BS and the phase shift matrix (i.e., Θ) at the IRS,
aiming to minimize the total transmit power while satisfying
the data rate requirements of each user. The transmit power
minimization problem is thus formulated as

P1 : minimize
{wk},Θ

K∑
k=1

‖wk‖2

subject to log2

(
1 + min

l∈[k,K]
SINRkl

)
≥ Rmin

k ,∀ k, (5)

0 ≤ θn ≤ 2π,∀n, (6)

where ‖wk‖2 is the power assigned to transmit signal sk and
Rmin
k denotes the minimum data rate requirement of user Uk.

To assist the algorithm design, we rewrite constraints (5) of
problem P1 as

min
l∈[k,K]

SINRkl ≥ γmin
k ,∀ k, (7)

where γmin
k = 2R

min
k − 1 is the minimum SINR required to

successfully decode signal sk. Constraints (7) can be further
rewritten as

γmin
k

(∣∣(hH
r,lΘG+ hH

d,l)

K∑
j=k+1

wj
∣∣2 + σ2

)
≤ |(hH

r,lΘG+ hH
d,l)wk|2,∀ k, l = k, · · · ,K. (8)

Therefore, problem P1 can be equivalently reformulated as

P2 : minimize
{wk},Θ

K∑
k=1

‖wk‖2

subject to constraints (6), (8). (9)

However, problem P2 is still highly intractable due to the
non-convex bi-quadratic constraints (i.e., (8)), in which the
beamforming vectors and the phase shift matrix are coupled.
To address this challenge, we present an alternating optimiza-
tion approach to solve problem P2 in the next section.

III. ALTERNATING OPTIMIZATION FRAMEWORK

In this section, we present an alternating minimization
approach to solve problem P2 with good performance. In
particular, the beamforming vectors {wk, k ∈ K} and phase
shift matrix Θ are optimized alternatively until convergence.
Moreover, we transform the resulting non-convex QCQP prob-
lem in the procedure of alternating minimization into a rank-
one constrained matrix optimization problem via matrix lifting.

For a given phase shift matrix Θ, channel response hH
l =

hH
r,lΘG+hH

d,l ∈ C1×M is fixed, and hence problem P2 can
be simplified as the following non-convex QCQP problem

minimize
{wk}

K∑
k=1

‖wk‖2

subject to γmin
k

 K∑
j=k+1

|hH
l wj |2 + σ2

 ≤ |hH
l wk|2,

∀k, l = k, . . . ,K. (10)



To address the non-convex constraints in problem (10), a
natural way is to reformulate problem (10) as a semidefinite
programming (SDP) problem by using the matrix lifting
technique [13]. By lifting vector wk into a PSD matrix
Wk = wkw

H
k ∈ CM×M with rank(Wk) = 1, ∀ k ∈ K,

problem (10) can be equivalently rewritten as

minimize
{Wk}

K∑
k=1

Tr(Wk)

subject to γmin
k

 K∑
j=k+1

Tr(HlWj) + σ2

 ≤ Tr(HlWk),

∀ k, l = k, . . . ,K,

Wk < 0, rank(Wk) = 1,∀ k, (11)

where Hl = hlh
H
l ∈ CM×M .

On the other hand, for given beamforming vectors
{wk,∀ k ∈ K}, we denote bl,k = hH

d,lwk, ∀ k, l = k, . . . ,K,
vn = e−jθn ,∀n = 1, . . . , N , and vHal,k = hH

r,lΘGwk,
where v = [ejθ1 , . . . , ejθN ]H and al,k = diag(hH

r,l)Gwk. As
a result, problem P2 can be simplified into the following non-
convex feasibility detection problem

find v

subject to γmin
k

 K∑
j=k+1

|vHal,j + bl,j |2 + σ2

 ≤
|vHal,k + bl,k|2,∀ k, l = k, . . . ,K,

|vn| = 1,∀n = 1, . . . , N. (12)

Although problem (12) is non-convex and inhomogeneous,
it can be reformulated as a homogenous non-convex QCQP
problem by introducing an auxiliary variable t. Thus, problem
(12) can be rewritten as

find ṽ

subject to γmin
k

 K∑
j=k+1

ṽHRl,j ṽ + b2l,j + σ2

 ≤
ṽHRl,kṽ + b2l,k,∀ k, l = k, . . . ,K,

|ṽn| = 1,∀n = 1, . . . , N + 1, (13)

where

Rl,k =

[
al,ka

H
l,k al,kbl,k

bHl,ka
H
l,k 0

]
, ṽ =

[
v
t

]
. (14)

If ṽ∗ is a feasible solution to problem (13), then we
obtain a feasible solution to problem (12) by setting v =
[ṽ∗/ṽ∗N+1](1:N), where [x](1:N) denotes the first N elements
of vector x.

Similarly, we adopt the matrix lifting technique to refor-
mulate the non-convex quadratic constraints in problem (13).
By denoting V = ṽṽH and Tr(Rl,kV ) = ṽHRl,kṽ, problem

(13) can be equivalently rewritten as the following rank-one
constrained matrix optimization problem:

find V

subject to γmin
k

 K∑
j=k+1

Tr(Rl,jV ) + b2l,j + σ2

 ≤
Tr(Rl,kV ) + b2l,k,∀ k, l = k, . . . ,K,

Vn,n = 1,∀n = 1, . . . , N + 1,

V < 0, rank(V ) = 1. (15)

Problems (11) and (15) are still non-convex due to the
low-rank constraints. The SDR technique [17] can be used
to deal with the non-convex rank constrains, as the fixed-
rank constrained SDP problem after dropping the rank-one
constraint can be solved by the existing solvers. If the returned
solution of the relaxed SDP problem fails to be rank-one,
then Gaussian randomization [17] is adopted to obtain a
suboptimal solution. Although the SDR technique can solve
problems (11) and (15), the probability of the obtained solution
being rank-one is small, especially when the dimension of the
optimization parameters is high [9, 18].

To address the limitations of the SDR technique, we shall
propose an exact DC representation for the rank constraint of
the PSD matrix by exploiting the difference between the trace
norm and the spectral norm in the following section.

IV. PROPOSED ALTERNATING DC METHOD

In this section, we present an exact DC representation for
the rank function, followed by proposing an alternating DC
method to solve the original fixed-rank constrained matrix
optimization problem.

A. Proposed Alternating DC Programming
Firstly, we introduce an exact DC representation for the

fixed-rank constraint in the following proposition.

Proposition 1. For PSD matrix X ∈ CN×N and Tr(X) > 0,
we have [18]

rank(X) = 1⇔ Tr(X)− ‖X‖2 = 0,

where trace norm Tr(X) =
∑N
i=1 σi(X) and spectral norm

‖X‖2 = σ1(X) with σi(X) denoting the i-th largest singular
value of matrix X .

We then apply the DC framework to problems (11) and (15).
Given the phase shift matrix Θ, we solve the following DC
programming to find K rank-one matrices to problem (11):

minimize
{Wk}

K∑
k=1

Tr(Wk) + ρ

K∑
k=1

(
Tr(Wk)− ‖Wk‖2

)

subject to γmin
k

 K∑
j=k+1

Tr(HH
l Wj) + σ2

 ≤ Tr(HH
l Wk),

∀ k, l = k, . . . ,K,

Wk < 0,∀ k, (16)

where ρ > 0 is a penalty parameter. By enforcing the penalty
term to be zero, problem (16) induces K rank-one matrices.



After solving problem (16), we can recover the beamforming
vectors wk, k ∈ K, through Cholesky decomposition W ∗

k =
wkw

H
k .

Similarly, given beamforming vectors {wk, k ∈ K}, we
minimize the following difference between the trace norm and
the spectral norm to detect the feasibility of problem (15):

minimize
V

Tr(V )− ‖V ‖2

subject to γmin
k

 K∑
j=k+1

Tr(Rl,jV ) + b2l,j + σ2

 ≤
Tr(Rl,kV ) + b2l,k,∀ k, l = k, . . . ,K,

Vn,n = 1,∀n = 1, . . . , N + 1,

V < 0. (17)

Specifically, when the objective value of problem (17) be-
comes zero, we obtain an exact rank-one optimal solution,
denoted as V ∗. Using Cholesky decomposition V ∗ = ṽṽH,
we obtain a feasible solution ṽ to problem (13). If the objective
value fails to be zero, we claim that the original problem (12)
is infeasible.

B. DC Algorithm for Problems (16) and (17)

Although the DC programming problems (16) and (17)
are still non-convex, they have a good structure, which can
be exploited to develop efficient algorithms by successively
solving the convex relaxation versions of the primal and
dual problems of DC programming [20]. Specifically, we can
equivalently rewrite problem (16) as

minimize
{Wk}

K∑
k=1

Tr(Wk) + ρ

K∑
k=1

(
Tr(Wk)− ‖Wk‖2

)
+

IC1({Wk}), (18)

and problem (17) as

minimize
V

Tr(V )− ‖V ‖2 + IC2(V ), (19)

where C1, C2 are PSD cones that respectively satisfy the con-
straints in problems (16) and (17) and the indicator function
is defined as

IC(Z) =

{
0, Z ∈ C
+∞, otherwise

,

It turns out that problems (16) and (17) have the structure
of minimizing the difference of two convex functions, i.e.,

minimize
Z∈Cm×n

f = g(Z)− h(Z), (20)

According to the Fenchel’s duality [21], the dual problem
of problem (20) is represented by

minimize
Y ∈Cm×n

h∗(Y )− g∗(Y ), (21)

where g∗ and h∗ are the conjugate functions of g and h,
respectively. The conjugate function is defined as

h∗(Y ) = sup
Y ∈Cm×n

{〈Z,Y 〉 − h(Z) : Z ∈ Z}, (22)

where the inner product is defined as 〈X,Y 〉 = R(Tr(XHY ))
according to Wirtinger’s calculus [22] in the complex domain.
The DC algorithm iteratively updates both primal and dual
variables via successive convex approximation. The tth itera-
tion is given by

Y t = arg inf
Y

h∗(Y )−
[
g∗(Y t−1) + 〈Y − Y t−1,Zt〉

]
,

(23)
Zt+1 = arg inf

Z
g(Z)−

[
h(Zt) + 〈Z −Zt,Y t〉

]
. (24)

Based on the Fenchel biconjugation theorem [21], (23) can be
represented as

Y t ∈ ∂Zth, (25)

where ∂Zth is the sub-gradient of h with respect to Z at Zt.
Thus, {W t

k ,∀ k ∈ K} at the tth iteration for problem (16) are
the solution to the following convex optimization problem

minimize
{Wk}

K∑
k=1

Tr(Wk) + ρ

K∑
k=1

(
〈Wk, I − ∂W t−1

k
‖Wk‖2〉

)

subject to γmin
k

 K∑
j=k+1

Tr(HH
l Wj) + σ2

 ≤ Tr(HH
l Wk),

∀ k, l = k, . . . ,K,

Wk < 0,∀ k. (26)

Similarly, V t at the tth iteration for problem (17) can be
obtained by solving the following convex programming

minimize
V

Tr(V )− 〈V , ∂V t−1‖V ‖2〉

subject to γmin
k

 K∑
j=k+1

Tr(Rl,jV ) + b2l,j + σ2

 ≤
Tr(Rl,kV ) + b2l,k,∀ k, l = k, . . . ,K,

Vn,n = 1,∀n = 1, . . . , N + 1,

V < 0. (27)

Problems (26) and (27) are convex and can be efficiently
solved by using CVX. It is worth noting that the sub-gradient
of ‖X‖2 at Xt (i.e., ∂Xt‖X‖2) can be efficiently computed
as in Proposition 2.

Proposition 2. For PSD matrix X ∈ CN×N , the sub-gradient
of ‖X‖2 can be efficiently computed as

u1u
H
1 ∈ ∂Xt‖X‖2,

where u1 ∈ CN is the eigenvector corresponding to the largest
eigenvalue σ1(X).

The proposed alternating DC algorithm to solve problem
P2 is summarized in Algorithm 1, where problems (16) and
(17) are solved in an iterative manner until convergence. Both
DC programming problems (16) and (17) are solved in each
iteration by successively solving the convex relaxation of the
primal and dual problems of DC programming. It is worth
noting that the proposed alternating DC method can guarantee
the feasibility of the rank-one constraint, which yields good
network performance.



Algorithm 1: Proposed Alternating DC Algorithm for
Solving Problem P2.

Input : Initialize Θ1 and threshold ε > 0.
for t1 = 1, 2, . . . do

Given Θt1, solve problem (11) to obtain the optimal
solution {W t1

k },∀ k ∈ K .
for t = 1, 2, . . . do

Select a subgradient of ∂‖W t−1
k ‖2,∀ k ∈ K.

Solve convex subproblem (26) and obtain the
optimal solution {W t

k ,∀ k ∈ K}.
if penalty component of problem (16) is zero

then
break

end
end
Obtain {wt1

k } via Cholesky decomposition
W t

k = wt1
k w

t1H
k .

Given {W t1
k }, solve problem (15) to obtain V t1+1.

for t = 1, 2, . . . do
Select a subgradient of ∂‖V t−1‖2.
Solve convex problem (27) and obtain the

optimal solution V t.
if the objective value of problem (17) is zero

then
break

end
end
Obtain ṽt1+1 via Cholesky decomposition
V t = ṽt1+1ṽt1+1H.

if the decrease of the total transmit power is below ε
or problem (15) becomes infeasible then

break
end

end

V. SIMULATION RESULTS

In this section, simulation results are presented to demon-
strate the effectiveness of the proposed alternating DC method
and show the performance of IRS-empowered downlink
NOMA networks. We consider a three-dimensional (3D) co-
ordinate system, where the BS is located at (0, 0, 25) meters.
The IRS is placed at (50, 50, 40) meters, where the passive
reflecting elements are uniformly distributed on a rectangular
surface. In addition, the users are uniformly distributed in the
region of (−50, 50, 0) × (70, 150, 0) meters. The path loss
model under consideration is L(d) = T0 (d/d0)

−α, where T0
is the path loss at the reference distance d0 = 1 meter, d is the
link distance, and α is the path loss exponent. We set T0 = 30
dB, and the path loss exponents for the BS-user link, the BS-
IRS link, and the IRS-user link are set to be 3.5, 2.2, and 2.8,
respectively. All channels are assumed to suffer from Rayleigh
fading. We denote dkBU , dkIU , and dIB as the distance between
user Uk and BS, the distance between user Uk and IRS, and
the distance between BS and IRS, respectively. Hence, the
channel coefficients are given by

hd,k =
√
L(dkBU )γ

d,hr,k =
√
L(dkIU )γ

r,G =
√
L(dIB)Γ,

where γd ∼ CN (0, I), γr ∼ CN (0, I) and Γ ∼ CN (0, I).
Unless specified otherwise, we set Rmin

k = 1.5,∀ k, σ2 = 0.01,
and ρ = 20. Each point in Figs.2(b)–(d) is obtained by
averaging over 50 channel realizations.

We compare the proposed alternating DC method with the
alternating SDR method and the random phase shift method.
The SDR method solves problems (11) and (15) alternatively
using CVX after removing the rank-one constraints. For the
random phase shift method, the phase shift matrix Θ is
randomly chosen and fixed, followed by solving the transmit
power minimization problem (16).

We show the convergence behavior of the proposed alternat-
ing DC method and the alternating SDR method in Fig.2(a)
when K = 6, M = 5, and N = 20. It can be observed
that the alternating SDR method with Gaussian randomization
terminates at the third iteration since it fails to return a feasible
solution to problem (12). In contrast, the proposed alternating
DC method is able to induce exact rank-one optimal solutions
and hence accurately detect the feasibility of problem (12).

Fig.2(b) shows the impact of the number of BS antennas
(i.e., M ) on the total transmit power when N = 15 and K = 6.
As the value of M increases, the transmit power decreases,
which indicates that more antennas at the BS can bring
better performance. Moreover, both the proposed alternating
DC method and the alternating SDR method significantly
outperforms the random phase shift method. It demonstrates
that jointly optimizing the active beamforming at the BS and
the passive phase shifts at the IRS can significantly decrease
the transmit power. Due to the superiority of the proposed DC
representation, the proposed alternating DC method consumes
much less transmit power than the alternating SDR method.

Fig.2(c) illustrates the impact of the number of passive
reflecting elements at the IRS (i.e., N ) on the total transmit
power when M = 5, and K = 6. The total transmit
power decreases quickly as the value of N increases, which
indicates that a larger number of passive reflecting elements
leads to better performance. Fig.2(d) shows the performance
of downlink NOMA networks with and without IRS when
M = 5 and N = 10. The performance of NOMA networks
without IRS is obtained by solving problem (16) with Θ = 0.
From Fig.2(d), the IRS-empowered networks outperforms the
networks without IRS, which demonstrates the importance of
deploying IRS in cellular networks.

VI. CONCLUSIONS

In this paper, we presented an IRS-empowered NOMA
method to significantly reduce the transmit power for the
emerging 6G networks. To design the beamforming vectors
at the BS and the phase shift matrix at the IRS for transmit
power minimization, we proposed an alternating DC method.
Specifically, to decouple the beamforming vectors and the
phase shift matrix in the formulated problem, we presented an
alternating optimization method by solving two non-convex
QCQP problems alternatively. We then transformed the non-
convex QCQP problems into SDP problems via matrix lifting,
followed by introducing an exact DC representation for rank-
one constraint. Furthermore, we developed an DC algorithm
to solve the resulted DC programming problems. Simulation
results demonstrated that the proposed alternating DC method
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Fig. 2. Performance comparisons between the proposed alternating DC method and two baseline methods under different network settings.

outperforms the state-of-the-art methods in terms of the total
transmit power in the IRS-empowered NOMA networks.
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