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Abstract

:

Millimeter Wave (mmWave) Massive Multiple Input Multiple Output (MIMO) has been a promising candidate for the current and next generation of cellular networks. The hybrid analogue/digital precoding will be a crucial ingredient in the mmWave cellular systems to reduce the number of Radio Frequency (RF) chains along with the corresponding energy and power consumption of the systems. In this paper, we aim to improve the energy efficiency of mmWave Massive MIMO by using a combination of high dimension analogue precoder and low dimension digital precoder. The spectral efficiency and the corresponding transmitted and consumed power of the mmWave Massive MIMO is formulated by taking all the consumed power from the transmitting side to receiving end into account. We propose the Power Controlled Energy Maximization (PCEM) algorithm in this paper, and the proposed algorithm works by controlling the transmission power to balance the improved radiated energy efficiency and the increased power consumption for a given number of transceiver chains. The simulation and analytical results show that the proposed algorithm performs better than the reference algorithms by maximizing the overall energy efficiency of the system without much complexity.
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1. Introduction


The internet data traffic has been exponentially growing at a staggering rate, and the last couple of decades have witnessed the ever increasing demand for data rates, which in turn led to the congestion in the lower bands of electromagnetic spectrum [1,2,3]. Although a lot of spectrum sharing techniques have been proposed in order to overcome this congestion like the advanced channel coding [4], spread spectral techniques [5], cognitive radio communication [6], and the Massive Multiple Input and Multiple Output (MIMO) technologies [7], and even these techniques have somehow overcome the congestion problem, but they are not enough due to the ongoing and increasing gap between the supply and demand of data rate. This situation has attracted researchers to explore the millimeter Wave mmWave frequency band [8]. The integration of the Massive MIMO system with mmWave can be a fascinating approach to address this situation, and to support the huge traffic load of current and future 5G networks [9,10]. The Massive MIMO brings to the theory of large antenna array with hundreds of antennae serving a comparatively less number of users [11,12,13], whereas the mmWave frequencies allow the dense packing of antenna elements due to the small wavelength of mmWave frequencies [14,15,16,17].



In conventional low frequency systems, the base station requires Channel State Information (CSI) to precode and decode the transmitted and the received signal, but CSI acquisition in the mmWave systems is very different due to the huge path loss, fading and the distortion loses. Signal processing in mmWave system possesses a set of non-trivial constraints [18]. Furthermore, the expensive and high power consumption of mmWave systems cannot afford the separate dedicated Radio Frequency (RF) for each transmitting signal as compared to the fully digital baseband systems, where each transmitting antenna possess a separate dedicated RF chain [19,20]. This problem was addressed in [21,22,23], where the authors propose the analogue precoding by using the mesh of phase shifters [24,25]. The above-mentioned proposed techniques come out to be handy in terms of power consumption, but these techniques perform poorly compared to conventional digital baseband systems.



Recently, hybrid precoding has been a source of attraction for the researchers where precoding is implemented by using the combination of high dimensional analogue precoder and low dimensional digital precoder [26]. The hybrid precoding was introduced in [27,28], by dividing the precoding in the analogue and digital domains, where the authors assume that the CSI is available at the base station, and proposes the hybrid approach for the limited number of communication streams. In [29,30,31], the authors propose the hybrid approach for mmWave systems, and conclude that maximizing the spectral efficiency of the system is equivalent to the minimization of the Euclidean distance between the fully digital and hybrid precoders.



The above-mentioned researches focus on the maximization of the system’s spectral efficiency, but the power consumption of the system increased due to the addition of analogue precoder, which requires additional power to operate the network of phase shifters and combiners. Adding the consumed power results in the overall reduction in energy efficiency of the system. Therefore, the mmWave system’s energy efficiency needs to be addressed because the energy and power related pollution of the communication industry has become vital economical and societal concerns. In [32,33,34,35], the authors discuss the energy efficiency of the mmWave systems’ transceiver, but they do not correctly model the power consumption of the mmWave system and their algorithms don’t focus on maximizing energy efficiency for the mmWave systems, rather they work by maximizing the system’s spectral efficiency. Motivated by the above researches, the authors in [36] propose the hybrid algorithm which works by maximizing the overall energy efficiency of the system, but the authors have not correctly modeled the power consumption of the mmWave systems, and the proposed algorithm is very complex due to its dependency on the number of input streams. The mmWave communication systems’ energy efficiency can also be improved by controlling the beam width in order to allow more than one user to share a single RF chain, and results in the reduction of the consumed power of the system [37].



In this article, we focus on the energy efficient design of the mmWave Massive MIMO based on the hybrid approach. We formulate the spectral efficiency of Massive MIMO by using the hybrid precoding. The precoder of the Massive MIMO is designed by using the combination of the high dimension analogue precoder and low dimension digital percoder. Contrary to existing research, the power consumption of the Massive MIMO for the mmWave system is formulated by taking all the power consumption from the transmitting side to the receiving end into account. Furthermore, we propose the Power Controlled Energy Maximization (PCEM) algorithm to maximize the energy efficiency of mmWave Massive MIMO. Contrary to the existing algorithm, the proposed algorithm maximizes the overall objective function of energy efficiency by taking all the constraint into account. The simulation results compare the performance of the proposed algorithm with respect to reference algorithms, where it can be seen that the proposed algorithm converges near to the fully digital precoder without much complexity. The contribution of this article is summarized as follows:




	
We formulate and derive the spectral efficiency of mmWave Massive MIMO by using the hybrid precoding.



	
The realistic model of the circuit power consumption is derived and used for the formulation and computation of energy efficiency in this article.



	
The hybrid precoders and decoders are designed by taking the unit-modulus constraint and all the system constraint into account.



	
We propose the PCEM algorithm to optimize the energy efficiency by taking all the constraint into account.



	
The comparison is presented between the proposed and reference algorithms and the complexity of the proposed algorithm is computed to highlight the significance of the proposed algorithm.








The rest of this article is organized as follows. We present the system and channel models in Section 2 and Section 3, respectively. The hybrid precoders and decoders are designed in Section 4, and the power consumption of mmWave Massive MIMO is computed in Section 5. In Section 6, we propose the PCEM algorithm and optimize the energy efficiency. The simulation results are discussed in Section 7. We conclude in Section 8, where we summarize all the discussions.



The notations adopted throughout the paper are listed as follows: (.)−1, (.)H and (.)T represents the inverse, Hermitian and transpose operator respectively, E[.] means the expectation operation, log2(x) denotes the logarithm of x to base 2, ∥.∥F represents the frobenius norm, |.| represents the modulus operator, trace[.] represents the trace operator, SVD (.) represents the Singular Vector Decomposition, ddp(.) represents the first order derivate with respect to p, Z+ represents the positive integer, e(.) represents the exponential operator, f−1(.) represents the inverse of the function, W(.) represents the Lambert Omega function, and O(.) represents the lambda big O notation.




2. System Model


Consider the mmWave Massive MIMO where the M number of antennae are equipped with the base station and communicating s=[s1,s2,…,sK] data streams with the K number of user terminals. The base station is equipped with s<Nt<<M RF chains, and the user terminals are equipped with s<Nr<<K RF chains in order to reduce the hardware complexity and maintaining the effectiveness among the end users. The number of data streams is constraint as s<min{Nt,Nr}. In this paper, we used the hybrid approach by equipping the Base station with a M×Nt high dimension analog precoder VARF and Nt×s low dimension digital precoder VDBB as can be seen in Figure 1. Similarly, the end users are equipped with a K×Nr high dimension analog decoder WARF and Nr×s low dimension digital decoder WDBB. The downlink of the Massive MIMO was considered in this paper. As it can be seen in Figure 1, the transmitted signal s passes through the analogue and digital precoder then the transmitted signal can be written as:


A=VARFVDBBs











The signal received yk at the k th user terminal can be written as:


yk=pGkVARF,kVDBB,ks+p∑i=1,i≠kKGiVARF,iVDBB,isi+n



(1)




where G is the mmWave channel matrix and it is modeled in the next section. The first term in the above equation is the desired signal at the kth user terminal, whereas the second term is the interference term among the user terminals. n is the Additive White Gaussian Noise (AWGN) with zero mean and the unity variance.



Theorem 1.

The interference term can be neglected in the Equation (1) because the mmWave channel between two usersiandjbecomes zero under the scenario of Massive MIMO whenM≥K+1, i.e.,


limM→∞GiGjHM=0













See Proof of Theorem 1 in Appendix A.



Therefore, Equation (1) can be written as:


yk=pGkVARF,kVDBB,ksk+n











In order to retrieve the kth signal, the user terminal will multiply the received signal with the Hermitian of decoding matrix:


yk=pWARF,kHWDBB,kHGkVARF,kVDBB,ksk+WARF,kHWDBB,kHn











The Signal to Noise Ratio (SNR) of the kth user terminal can be written as:


SNRk=p|WARF,kHWDBB,kHGkVARF,kVDBB,k|2∥WARF,kHWDBB,kH∥F2



(2)






SNRk=p|WARF,kHWDBB,kHGkVARF,kVDBB,k|2(WARF,kHWDBB,kHWARF,kWDBB,k)











The achievable rate of the kth user terminal can be written as:


Rk=log2(1+SNRk)=log2(1+p|WARF,kHWDBB,kHGkVARF,kVDBB,k|2(WARF,kHWDBB,kHWARF,kWDBB,k))











The corresponding spectral efficiency for the K number of users can be written as:


RK=K(1−TtotKU)log2(1+p|WARF,kHWDBB,kHGkVARF,kVDBB,k|2(WARF,kHWDBB,kHWARF,kWDBB,k))



(3)




where, the factor (1−TtotKU) accounts for the overhead of pilot, and Ttot, U represents the total pilot length and the coherence block respectively.




3. Millimeter Wave Channel Modeling


Two kinds of channel model are widely used. In the first model, the signals from two different antennae are considered uncorrelated by assuming that the transmitting antennae at the base stations are widely apart like the i.i.d Rayleigh fading model. In the mmWave channel, the antennae cannot be assumed uncorrelated due to the denser deployment of the large number of base station antennae. In this paper, we assume the Uniform Linear Array (ULA) at the base station and the mmWave channel can be written as [38]:


G=M×KNp∑l=1NpalaK(ϕlK)aM(ϕlM)H



(4)




where al represents the path loss coefficient of the lth ray, (ϕlK) and (ϕlM) represents the azimuthal angles of departure and arrival respectively. The azimuthal angles of departure and arrival are uniformly distributed from 0 to 2π. Furthermore, the aK(ϕlK) and aM(ϕlM) represents the corresponding array response at the angle of departure and arrival. The array response of the M antenna array can be written as:


a(ϕ)=1M[1,ejkdsin(ϕ),…,ejkd(M−1)sin(ϕ)]








where j=−1, k=2πλ, and λ, d represents the wavelength and inter-distances among the antenna elements.




4. Modeling of the Hybrid Precoders and Decoders


In this section, we model the hybrid precoders and decoders. An obvious way to cast the problem of designing the hybrid precoders is a Euclidian least square fit:


min∥V−VARFVDBB∥F2



(5)




where


VARF=[VARF1...00VARF2.......0VARFK]VDBB=[VDBB1...00VDBB2.......0VDBBK]











The challenges of solving the problem in Equation (5) are as follows:




	
The low complexity algorithm is required to solve the (5) during each transmission time;



	
All the non- zero entries of VARF have the constraint of unit modulus, i.e., ∀i,j |VARF(i,j)|=1;



	
It is difficult to find the solution due to the constraint of unit modulus and the product of VDBB with VARF;



	
Therefore, we need to simplify Equation (5) to get rid of the products of VDBB with VARF.








As we know


|A|F=(AAH)











Therefore, Equation (5) can be simplified as:


∥V−VARFVDBB∥F2=trace[(V−VARFVDBB)(V−VARFVDBB)H]










=trace[(V−VARFVDBB)((VH−VARFHVDBBH))]










=trace[VVH−VVARFHVDBBH−VHVARFVDBB+VARFVDBBVARFHVDBBH]



(6)







As all the columns of VDBB and V are mutually orthogonal to mitigate the inter user interferences, then:


VDBBVDBBH=I











Therefore, Equation (6) can be written as:


=trace[VVH−VVARFHVDBBH−VHVARFVDBB+VARFVARFH]










=trace[VVH.I−VVARFHVDBBH−VHVARFVDBB+VARFVARFH]










=trace[VVHVDBBVDBBH−VVARFHVDBBH−VHVARFVDBB+VARFVARFH]










∥V−VARFVDBB∥F2=∥VVDBBH−VARF∥F2



(7)







Following the simplification, the solution of Equation (7) can be computed by determining the Euclidean projection of VVDBBH on VARF as demonstrated in Figure 2:


θ(VVDBBH)=θ(VARF)



(8)







Following the computation of analogue precoder VARF, the product of VVDBBH can be decomposed into the Singular Vector Decomposition (SVD):


SVD(VVARFH)=U∑V1



(9)




and the corresponding digital precoder VDBB can be computed as:


VDBB=NsV1UH∥VARF∥2



(10)








5. Modeling of the Power Consumption


In this section, we model the power consumption of Massive MIMO. The total power consumption PTPC can be composed as an additive summation of the transmitted power Ptp with all the consumed power Pcp in the circuitry of Massive MIMO, i.e.,


PTPC=Ptp+Pcp



(11)




where, the overall consumed power Pcp depends upon the fixed power PFx, power consumption of each transceiver chain PTC, power loss during the analogue precoding, compensation power PCL, and the coding and decoding power Pco/de, respectively, and it can be written as:


Pcp=PFx+PTC+PARF+PCL+Pco/de



(12)







The total transmitted power can be written as:


Ptp=Bα2pK∥VARFVDBB∥F2ηE{γ(x)−1}



(13)




where Bα2 is the total noise power, η is the efficiency of the power amplifier γ(x)−1 represents the inverse channel attenuation.



Theorem 2.

The expected value of the inverse channel attenuationγ(x)−1by using the polar coordinates can be written as:


E{γ(x)−1}=dmaxiα+2−dminiα+2(1+α2)×(dmaxi2−dmini2)



(14)









See Proof of Theorem 2 in Appendix B.



By using Theorem 2, Equation (13) can be written as:


Ptp=Bα2pK∥VARFVDBB∥F2η×dmaxiα+2−dminiα+2(1+α2)×(dmaxi2−dmini2)



(15)







The power consumption of each RF chain at the base station and end users can be written as:


PRF=Pfil+Pmix+Poc



(16)




where Pfil, Pmix, and Poc represents the power consumption during the process of filtering, mixing and frequency matching of the signals. As it can be seen in Figure 1, the base station and end users are equipped with Nt and Nr transceiver chains, respectively. Thus, the overall transceiver power consumption PTC can be computed as:


PTC=NtPRF+NrPRF



(17)







The power consumption of analogue precoder PARF depends upon the power consumption of phase splitter Ps, shifters Pps and the combiners Pc, respectively, and it can be written as:


PARF=MPsPpsPcNt



(18)







Similarly, the corresponding power loses of base station are compensated at the end users by using the Low Noise Amplifiers (LNA), and it can be written as:


PCL=PLNA(KNr+K)



(19)







The power consumption during the coding Pc and decoding Pd of the signal Pco/de depends upon the corresponding achievable rates, and it can be written as:


Pco/de=RK(Pc+Pd)



(20)







The total power consumptions by using the Equations (11)–(20) can be written as:


PTPC=Bα2pK∥VARFVDBB∥F2η×dmaxiα+2−dminiα+2(1+α2)×(dmaxi2−dmini2)+NtPRF+NrPRF++MPsPpsPcNt+PLNA(KNr+K)+RK(Pc+Pd)



(21)








6. Proposed Algorithm and the Optimization of Energy Efficiency


In this section, we describe the proposed PCEM algorithm along with optimizing the Energy Efficiency EE. The energy efficiency of the Massive MIMO is the ratio of the overall system throughput with the total consumed and transmitted power, i.e.,


EE=ThroughputTotal Power=B×RKPTPC










EE=BK(1−TtotKU)log2(1+p|WARF,kHWDBB,kHGkVARF,kVDBB,k|2(WARF,kHWDBB,kHWARF,kWDBB,k))Bα2pK∥VARFVDBB∥F2η×dmaxiα+2−dminiα+2(1+α2)×(dmaxi2−dmini2)+NtPRF+NrPRF++MPsPpsPcNt+PLNA(KNr+K)+RK(Pc+Pd)











We need to optimize the energy efficiency, and the optimization problem of energy efficiency can be interpreted as:


Constraint to max(EE)M>Z+, K>Z+K<M, p>0 |VARF|=1,|WARF|=1



(22)







The unit modulus constraint of the hybrid precoder and decoder have already been taken into account during modeling of the hybrid precoder and decoder in Section 4. Consider the following substitutions to simplify the expression of energy efficiency.



Let:


a1=K(1−TtotKU), a2=|WARF,kHWDBB,kHGkVARF,kVDBB,k|2(WARF,kHWDBB,kHWARF,kWDBB,k)a3=Bα2K∥VARFVDBB∥F2η×dmaxiα+2−dminiα+2(1+α2)×(dmaxi2−dmini2), a4=NtPRF+NrPRF+MPsPpsPcNt+PLNA(KNr+K),a5=(Pc+Pd)











Thus, Equation (22) can be simplified as:


EE=a1×log2(1+pa2)a3p+a4+a5×log2(1+pa2)











The energy efficiency in terms of the transmitted power can be rewritten as:


EE(p)=a1×log2(1+pa2)a3p+a4+a5×log2(1+pa2)



(23)




and, the corresponding optimization problem of energy efficiency maximization can be written as:


p=max(EE(p))M>Z+, K>Z+K<M, p>0 |VARF|=1,|WARF|=1



(24)







Thus, the corresponding transmitted power which results into the maximization of energy efficiency can be computed by differentiating the energy efficiency with respect to p and equating the corresponding expression to zero, i.e.,


d(EE(p))dp=ddp(a1×log2(1+pa2)a3p+a4+a5×log2(1+pa2))










d(EE(p))dp=ddp((a3p+a4+a5×log2(1+pa2))ddp(a1×log2(1+pa2))−(a1×log2(1+pa2))×ddp(a3p+a4+a5×log2(1+pa2))(a3p+a4+a5×log2(1+pa2))2)










d(EE(p))dp=ddp((a3p+a4+a5×log2(1+pa2))(a1a2(1+pa2)−1)−(a1×log2(1+pa2))×(a3+a5a21+pa2)(a3p+a4+a5×log2(1+pa2))2)










d(EE(p))dp=(a11+pa2[(a3p+a4+a5×log2(1+pa2))a2−[(log2(1+pa2))×(a3(1+pa2)+a5a2)]](a3p+a4+a5×log2(1+pa2))2)










d(EE(p))dp=(a11+pa2[a3pa2+a4a2+a5a2×log2(1+pa2)−a3(log2(1+pa2))−pa2a3(log2(1+pa2))−a5a2×log2(1+pa2)](a3p+a4+a5×log2(1+pa2))2)










d(EE(p))dp=(a11+pa2[a3pa2+a4a2+a5a2×log2(1+pa2)−a3(log2(1+pa2))−pa2a3(log2(1+pa2))−a5a2×log2(1+pa2)](a3p+a4+a5×log2(1+pa2))2)











Simplify and substitute the above equation to zero in order to compute the maximum energy efficiency:


a11+pa2[a3pa2+a4a2+a5a2×log2(1+pa2)−a3(log2(1+pa2))−pa2a3(log2(1+pa2))−a5a2×log2(1+pa2)]=0










a11+pa2[a3pa2+a4a2+log2(1+pa2)[a5a2−a3−pa2a3−a5a2]]=0










a11+pa2[a3pa2+a4a2−log2(1+pa2)[a3+pa2a3]]=0










[a3pa2+a4a21+pa2−a3log2(1+pa2)]=0










[a3pa2+a4a21+pa2−a3log2(1+pa2)−a3+a3]=0










[a3pa2+a4a2−a3(1+pa2)1+pa2−a3log2(1+pa2)+a3]=0










[a3pa2+a4a2−a3−pa2a31+pa2−a3log2(1+pa2)+a2]=0










[a4a2−a31+pa2−a3log2(1+pa2)+a3]=0










[a4a2−a31+pa2−a3[log2(1+pa2)−1]]=0



(25)







Let


[log2(1+pa2)−1]=b1



(26)






e[log2(1+pa2)−1]=eb1










pa2−1=eb1e



(27)







By using Equations (26) and (27), Equation (25) can be simplified as:


a4a2−a3eb1e=a3b1










b1eb1=a4a2−a3a3e



(28)







As we know


z=f−1(zez)=W(zez)








where W(.) is the Lambert Omega function, so Equation (27) can be written as:


b1=W(a4a2−a3a3e)



(29)







Putting the value of b1 from Equations (29) to (26):


[log2(1+pa2)−1]=W(a4a2−a3a3e)










e[log2(1+pa2)−1]=eW(a4a2−a3a3e)










(1+pa2)e−1=eW(a4a2−a3a3e)










(1+pa2)=eW(a4a2−a3a3e)−1











The optimal transmitted power, which maximizes the energy efficiency, can be computed as:


p=eW(a4a2−a3a3e)−1−1a2



(30)







For the given values of M and K, the optimal transmitted power to maximize the energy efficiency can be computed by using Equation (30). The response of the objective function EE(p) comes out to be quasi-concave, and it is proven in Appendix C. The simulation steps are discussed in the following proposed algorithm.





	Algorithm 1 Power Controlled Energy Maximization (PCEM) Algorithm



	Require: M, K, V, W, Nt and Nr.



	1. Build the VARF and WARF with arbitrary angles.



	2. Generate G for the given number of M and K by using the (4).



	3. Compute SVD (VVARFH)=U∑V1 and SVD (WWARFH)=U∑V1 by using the (9).



	4. Update the VARF and WARF by using the (8).



	5. Use the VARF and WARF to compute the VDBB and WDBB by using the (10).



	6. Use the VARF, H, WARF, VDBB and WDBB to compute the optimal transmitted power p by using the (30).



	7. Use the optimal p to compute RK, Ptp and Pcp by using the (3), (15) and (21) respectively.



	8. Use the optimal p, RK, Ptp, Pcp to compute the optimal EE.



	9. Return EE, RK and Ptp.







7. Simulation Results


In this section, we have performed the simulation and discussed the simulation results. We used the realistic simulation parameters for the simulations, and the number of transmitter and receiver chains were set to be same for all the figures. Table 1 shows the simulation parameters used for the simulations, and the perfect CSI was assumed at the BS for simulations. Figure 3 compares the performance of the proposed and reference algorithms with respect to different signal-to-noise ratios. The number of transmitting antennae, users, and the transceiver chains were set to 150, 40, and 12, respectively. The proposed algorithm performed better than the reference feedback precoding and the orthogonal multiplexing pursuit (OMP) by converging near to the fully baseband precoder (Figure 3). The computational complexity of the proposed algorithm at the 5th step comes out to be O(M×VARF), and the overall computation complexity in terms of lambda big O notation can be written as O(2W(M×VARF)).



Figure 4 unveils the effects of the number of transceiver chains on the spectral efficiency of the system. Figure 4 shows that the spectral efficiency of the PCEM algorithm start approaches to the spectral efficiency achieved by adopting the baseband precoding when the number of transceiver chain increased, and the SNR was set to 0 dB in Figure 4. Figure 5 shows the optimal system throughput with respect to different distances. The maximum distance between the user terminals and base station varied from 100 m to 500 m, and the optimal system’s throughput was computed by varying the number of transmitting antennae, end users, and the transceiver chains.



The system provides the maximum throughput when the user terminals are closer to the base station, and the optimal throughput gets reduced when the user terminals are widely apart from the base station. Furthermore, the optimal throughput of the system comes out to be maximized when the base station is equipped with large number of transmitting antennas and the transceiver chains as can be seen in Figure 5.



The optimal transmitted power, which results in the maximization of energy efficiency, can be seen in Figure 6. The optimal transmitted power was computed with respect to different distances, and when the user terminals and base station are widely apart, then the system needs to transmit more power in order to transmit the signal to the intended user terminals. Moreover, when the base station is equipped with a large number of antennae and transceiver chains, then the required optimal transmitted power is maximized as can be seen in Figure 6.



Figure 7 shows the optimal energy efficiency of the system with respect to different distances. The energy efficiency is computed at the different number of transmitting antennae, user terminals, and the transceiver chains. When the distance between the base station and user terminal increases, then the system needs to transmit more power and the optimal throughput of the system is reduced. This reduction in the system throughput and the increment in transmitting power results in the overall reduction of energy efficiency as can be seen in Figure 7.



Figure 8 unveils the comparison between the proposed and reference algorithms in terms of the system’s overall energy efficiency. Reference algorithms work by optimizing the spectral efficiency of the system, whereas the proposed PCEM algorithm not only maximizes the spectral efficiency, but also provides the substantial increment in the overall energy efficiency of the system as can be seen in Figure 3 and Figure 8, respectively.




8. Conclusions


In this paper, we concentrated on energy efficiency when designing the mmWave Massive MIMO based on the hybrid precoders and decoders. We computed and modulated the spectral efficiency of mmWave Massive MIMO by using the combination of high dimension analogue precoder and low dimension digital percoder. The total power consumptions of mmWave Massive MIMO were accurately modeled by taking all the transmitted and consumed power from the transmitting side to the receiving end into account. We further proposed the Power Controlled Energy Maximization (PCEM) algorithm to maximize the overall energy efficiency of mmWave Massive MIMO, and the proposed algorithm worked by controlling the transmission power to balance the improved radiated energy efficiency and the increased power consumption for a given number of transceiver chains. The optimal spectral efficiency and the corresponding energy efficiency were computed with the help of the proposed algorithm at different distances. Furthermore, we noticed that the base station needs to have more transmitted power in order to cover a large distance, and the corresponding power consumption of the system also is increased. The simulation results compared the performance of the proposed algorithm with respect to reference algorithms, where it can be seen that the proposed algorithm works efficiently by converging near the fully digital precoder without much complexity.
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Appendix A


Proof of Theorem 1. 

The mmWave channel when the Uniform Linear Array (ULA) is implemented at the base station can be written as:


G=M×KNp∑l=1NpalaK(ϕlK)aM(ϕlM)H








for theith user and the mmWave channel can be written as:


Gi=M×KNp∑l=1NpalaK(ϕli)aM(ϕli)H








the path loss coefficient is assumed to be the same for all the rays and then the above equation can be rewritten as:


Gi=alM×KNp×[aK(ϕ1i)…aK(ϕNpi)]×[aM(ϕ1i)…aM(ϕNpi)]








where[aK(ϕ1i)…aK(ϕNpi)]has a dimension ofK×Np, and[aM(ϕ1i)…aM(ϕNpi)]has a dimension ofM×Np.



Similarly, the mmWave channel for thejth user can be written as:


Gj=alM×KNp×[aK(ϕ1j)…aK(ϕNpj)]×[aM(ϕ1j)…aM(ϕNpj)]











the product of the mmWave channel for theith andjth user can be written as:


GiGjH=al2(M×KNp)×aK(ϕli)×aM(ϕli)H×aM(ϕli)×aK(ϕli)H








as the azimuthal angles of departures and arrivals are distributed continuously, so we can write:


P[limM→∞aM(ϕli)×aM(ϕlj)HM]=0



(A1)




by using the result of Equation (A1), we can write:


P[limM→∞Gi×GjHM]=0








□






Appendix B


Proof of Theorem 2. 

The Probability Distribution FunctionPDF, when the users are uniformly distributed, can be written as:


PDF=2xdmaxi2−dmini2








and, the expected value when the users are uniformly distributed can be written as:


E{γ(x)−1}=∫x=dminidmaxixα2xdmaxi2−dmini2dx










=2[xαx22(dmaxi2−dmini2)−∫(αxα−1)x22(dmaxi2−dmini2)dx]dminidmaxi










=1dmaxi2−dmini2[xα+2−αxα+2α+2]dminidmaxi










=1dmaxi2−dmini2[dmaxiα+2−αdmaxiα+2α+2−dminiα+2+αdminiα+2α+2]










=1dmaxi2−dmini2[dmaxiα+2(1−αα+2)−dminiα+2(1−αα+2)]










E{γ(x)−1}=2(dmaxi2−dmini2)(α+2)[dmaxiα+2−dminiα+2]








□






Appendix C


Energy efficiency can be written as:


EE(p)=a1×log2(1+pa2)a3p+a4+a5×log2(1+pa2)








the EE(p) comes out to be quasi-concave if the level of the following set Lk={p:EE(p)≥k} is convex where kεR [39]. The level of Lk comes out to be less than zero for EE(p)<a1a5, so the Lk is convex for k>a1a5. Furthermore, the level of Lk is greater than zero for k<a1a5 when p>−1a2, so the second order derivate of EE(p) with respect to p should be less than zero. Hence, the EE(p) undergoes the quasi-concave response.
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Figure 1. Millimeter wave massive MIMO. 
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Figure 2. Euclidean projection. 
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Figure 3. Spectral efficiency and the comparison between the proposed and reference algorithms. 
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Figure 4. Effects of the number of transceiver chains on the spectral efficiency. 
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Figure 5. Optimal system throughput. 
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Figure 6. Optimal transmitted power. 
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Figure 7. Optimal energy efficiency. 
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Figure 8. Comparison of the energy efficiency of proposed and the reference algorithms. 
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Table 1. Simulation parameters.






Table 1. Simulation parameters.





	Parameter
	Value





	Transmission Bandwidth (B)
	20 MHz



	Coherence Block (U)
	1800



	Fixed power (PFx)
	18 W



	Mixer power (Pmix)
	19 mW



	LNA power (PLNA)
	14 mW



	Path loss exponent (α)
	3.8



	Shifters power (Pps)
	30 mW



	Total Noise Power (Bα2)
	‒96 dBm



	Total Pilot Length (Ttot)
	2 m



	Oscillator power (Poc)
	5 mW



	Phase shifters power (Ps)
	0.5 dB



	Combiners power (Pc)
	0.6 dB



	Number of Transceiver chains when fixed (Nt, Nr)
	8



	Coding power (Pc)
	0.7 W



	Decoding power (Pd)
	0.2 W



	Minimum distance between the BS and users (dmini)
	32 m











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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