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Achievable Energy Efficiency in Massive MIMO:
Impact of DAC Resolution and PAPR Reduction
for Practical Network Topologies at mm-waves

C. A. Schmidt, J. F. Schmidt, J. L. Figueroa, and M. Crussière

Abstract—This paper explores key parameters of a mas-
sive MIMO system and their impact on energy efficiency at
transmission. In particular, the effect of the digital to analog
converter resolution and peak to average power ratio reduction
techniques are addressed, in the context of practical user location
distributions for both line and non line of sight channels. Results
show interesting design trade-offs, and highlight the relevance of
an accurate model for the user locations for the correct evaluation
of the achievable performance.

I. INTRODUCTION

MASSIVE MIMO is considered a key technology to
achieve the required data rate, bandwidth, and reliabil-

ity in modern wireless communication systems such as 5G NR
and beyond [1] [2]. The use of large antenna arrays (NT > 64)
in the base station (BS) allows for a significant increase in
the signal to noise ratio (SNR), as well as spatial diversity
transmission through narrow beams directed to specific loca-
tions [3]. Both features make millimeter wave communications
feasible at the higher frequency band extending from 24 to
52 GHz [4]. Indeed, they turn out to be an effective manner
to overcome the increased propagation path-loss conditions
in the higher part of the spectrum [5] [6]. However, a large
amount of antennas also means tougher hardware requirements
due to the inscrease of the number of radio frequency (RF)
chains, leading to higher power consumption [5]. In this
sense, enhancement of the systems energy efficiency (EE) has
become a major concern and focus of active research.

In general, EE in massive MIMO systems can be improved
by either lowering the signal processing complexity and
thus its associated power consumption, or by improving the
hardware resources utilization1 [7]. Following this criteria, a
joint optimization of time domain beam-steering with peak-to-
average power ratio (PAPR) reduction was proposed in [8] and
[9], where computational complexity is significantly reduced
while improving the power amplifier efficiency. Then, the
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1The use of available hardware at the base station can be regulated to
save energy when its not fully exploited (for example turning off a subset
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actual gain in EE that can be obtained by PAPR reduction in a
massive MIMO regime is analyzed in [10], where expressions
of the EE and sum capacity are derived. However, that work
considers users located at the same distance and far from the
transmitter (200 m), which is a worst case scenario for the
propagation path-loss.

In this paper, we analyze the impact of key system param-
eters on the EE of a massive MIMO system, accounting for
more realistic user locations. In particular, we consider digital
to analog converter (DAC) resolution and PAPR reduction
which introduce interesting design trade-offs. For instance,
higher DAC resolution improves the signal to quantization
and noise ratio (SQNR) leading to higher throughput, but
also increases the power consumption at the RF chains. On
the other hand, PAPR reduction enhances the power-amplifier
(PA) EE to the detriment of a higher power consumption at the
DAC. Regarding the user locations, we consider a stochastic
geometry model that captures three different network topolo-
gies. This model results in a very accurate characterization of
the path-loss. As a result, better and more realistic results are
expected when compared to [10]. The contributions of this
work can be summarized as follows:

• The effect on the systems EE of DAC resolution and
PAPR reduction are jointly modelled and analyzed. Then,
this information can be exploited to define key system
level parameters that maximize EE at transmission.

• The user location distribution is modelled by a stochastic
geometry approach considering an inhomogeneous Pois-
son point process (PPP). This allows a detailed analysis
of the systems EE for three scenarios: higher user density
near the cell center, uniform distribution, and higher user
density near the cell border.

The considered user location models represent the best, typi-
cal, and worst case scenarios, and are a realistic approximation
to a real world realizations. They thus provide a reliable frame-
work to accurately asses the effects of the studied parameters
on the systems EE.

The remaining of this work is organized as follows. Section
II presents the energy efficiency based on the user location
distribution model, including the expressions for sum capacity,
path-loss and power consumption. The effect of DAC resolu-
tion and PAPR reduction on power consumption, SNR and PA
efficiency are presented in Section III. A numerical evaluation
of the derived expressions is presented in Section IV, where the
results are discussed. Finally, Section V concludes the paper.

Accepted manuscript / Final version



2

II. SYSTEM MODEL

In this section, we derive the expression for the sum capacity
considering a stochastic geometry model for the user location
distribution. Considering digital beamforming, a number of
users U , and that each user can be located at a different
distance du from the transmitter, which is a BS at the center
of coordinates, the sum capacity C̄ΣD can be rewritten as

C̄ΣD = W
U∑

u=1

log2 (1 + aPL(du)) , (1)

where PL(du) is the distance-dependent path-loss, and we
have introduced the term a = (NTPPAηPA)/(WN0 +NQ) to
get a more compact expression focused on the location model.
Here W is the transmission bandwidth, U the number of users,
and NT the transmit antennas [10]. In addition, N0 is the
noise density, NQ is the quantization noise, PPA is the PA
consumption, and ηPA the PA efficiency. Assuming a point
process ϕu to model the users locations w.r.t. the transmitter,
we can rewrite (1) as

C̄ΣD = W
∑
i∈ϕu

log2 (1 + aPL(di)) , (2)

where the selected type of process ϕu will determine the net-
work topology. Taking the expectation over the point process,
we get

C̄ΣD = WEϕu

∑
i∈ϕu

log2 (1 + aPL(di))

 . (3)

Since the transmitter is at the origin, considering a user at
coordinates (x, y) the distance of the link is d = ∥x, y∥, and
we can evaluate (3) in polar coordinates as

C̄ΣD = W

∫ 2π

0

∫ ∞

0

log2 (1 + aPL(d)) fd(d)dd, (4)

where fd(d) is the probability distribution function (pdf) of
their distances to the BS. The solution to (4) will depend on the
particular type of process that describes the network topology.
Here, we consider an in-homogeneous PPP ϕu over a circular
deployment of radius R around the BS, where the pdf of the
distance is [11]

fd(d) = λ0

(
1 + κ

(
d2 − R2

2

))
, (5)

with κ ∈
[
−2/R2, 2/R2

]
, and λ0 the user density when ϕu is

an homogeneous PPP. The expected number of users can be
computed as U = 2π

∫ R

0
dfd(d)dd. Then, (4) becomes

C̄ΣD =
W4πλ0

R2

∫ R

0

log2 (1 + aPL(d)) d

(
1 + κ

(
d2 − R2

2

))
dd.

(6)
Parameter κ defines three different scenarios. When κ = 0,
the nodes are uniformly distributed around the BS; if κ > 0,
there is higher concentration of users near the cell border; and
finally κ < 0 means the user density is higher near the center

of the circle, where the BS is. In order to solve (6), the integral
can be separated in three parts as

C̄ΣD =
W4πλ0

R2

∫ R

0

log2 (1 + aPL(d)) ddd

+
W4πλ0κ

R2

∫ R

0

log2 (1 + aPL(d)) d
3dd

−W2πλ0κ

∫ R

0

log2 (1 + aPL(d)) ddd (7)

The path loss in mm-waves as a function of the distance d
between transmitter and receiver can be modeled by [12]

PL(d)[dB] = PL(d0) + α10 log10 (d/d0) +X (8)

where PL(d0) is the path loss in dB at free-space for a
reference distance of d0 (chosen to be 1 m), and α is the path-
loss exponent. The term X ∼ N(0, σx) models the shadowing
effect. The parameters α and σx are defined by the propagation
conditions, and depend on the frequency of operation and type
of link (LOS, NLOS, indoor, outdoor). Converting (8) from
dB to Watts, we get PL(d0) = 10 log((4πd0f/c)

2), where
f is the frequency of operation and c the speed of light;
and X = 10 log10(s), where s is the value in Watts of the
shadowing factor. The attenuation of the signal at the receiver
is then

PL(d)[W ] = [4πf/c)2sdα]−1 (9)

Then, the integrals to solve are,

I1 =

∫ R

1

d log2
(
1 +Ad−α

)
dd (10)

I2 =

∫ R

1

d3 log2
(
1 +Ad−α

)
dd (11)

where A = a/(4πf/c)2s, and the specific result will depend
on the propagation conditions determined by the attenuation
coefficient α. For example, assuming α = 2 leads to

I1 =
(R2 +A) ln(R2 +A)− 2R2 ln(R)

2 ln(2)
− (1 +A) ln(1 +A)

2 ln(2)

I2 =
(R4 −A2) ln(R2 +A)− 2R4 ln(R)

4 ln(2)
−

(1−A2) ln(1 +A)−A(R2 − 1)

4 ln(2)

Combinations of PPPs with different densities and κ param-
eters (as well as path-loss conditions) can also be considered
by adding the corresponding integrals to (6). Thus, a vari-
ety of realistic deployment features can be captured by the
formulation. In order to compute the energy efficiency ηEE ,
which is the ratio of the sum capacity C̄ΣD and the total power
consumption PT , we can model PT for digital beamforming
by [10]

PT = NT (PPA + PRF + P0) + Pcommon, (12)

where PRF = PDAC + PM is the power consumption of each
RF chain. Within the RF chain, PDAC is the consumed power
at the DAC, and PM at the mixer. Finally, P0 is a static power
consumption dependent on the number of transceivers, and
Pcommon is an additional static power consumption term.
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III. EFFECT OF DAC RESOLUTION AND PAPR

A. Effect of DAC resolution on power consumption and SNR

DACs are key components of the individual RF chains that
feed the signals to the antennas. DAC resolution affects many
aspects of the system simultaneously. For instance, increasing
the DAC resolution produces a higher SQNR because of the
lower quantization noise, but it also increases the PAPR of
the signal (which affects the PA efficiency) and leads to
higher power consumption. As the energy efficiency is the
ratio between the sum capacity and the power consumption,
the effect of higher DAC resolution on the systems energy
efficiency is difficult to predict.

We consider the current steering (CS) DAC architecture,
which is widely used because it provides both high conversion
speed and high resolution [13]. In this topology, the DAC is
composed of several current sources, each connected to the
same resistive load through a switch. The amount of current
sources and their values depend on the way in which the input
digital word is used to control the switches and generate the
conversion. If a binary weight strategy is used to convert a
B-bit digital word W = [b0, b1, · · · , bB−1], then B current
sources are used and their values are I(bi) = 2iIu. Here, Iu
is the unit of current that produces a voltage drop equivalent
to a least-significant bit (LSB) on the resistive output load RL.
Then, the bits bi are used to control the switches connected in
series with the current sources, where the switches are turned
off if bi = 0, and turned on if bi = 1, such that the output
current for the binary weight scheme IBW

out is

IBW
out = Iout =

B−1∑
i=0

bi2
iIu. (13)

which is the sum of the currents provided by the B current
sources. Therefore, the analog output voltage from the DAC
is Vout = IoutRL, the output power is Pout = I2outRL, and
the power consumption of the DAC analog circuitry can be
computed as PA

DAC = IoutVDD, where VDD is the supply voltage.
Another alternative is to use a segmented CS-DAC. In

this case, the binary B-bit digital word is converted to a
thermometric coded word of BT = 2B−1 bits, i.e., a bit
for each possible equivalent analog voltage level. Here, there
are BT current sources with equal value Iu, each of them
connected to a common resistive load RL through a switch,
such that the output current for the segmented scheme ISout is

ISout = Iout =

BT−1∑
i=0

biIu. (14)

The advantage of a segmented CS-DAC is that it is very robust
to circuit mismatches, in the sense that the transition between
two consecutive voltage levels involve switching (on or off)
only one current source. Its practical use, however, is limited
to lower resolution DACs due to the exponential increase in
the required amount of switches and current sources with
B. A commonly used solution when low distortion and high
resolution is needed consists on using a mixed architecture
of partial segmentation. Indeed, a binary weighted structure
can be used for the least significant bits of the input digital

word, where linearity requirements can be relaxed. Conversely
a segmented part can be used for the most significant bits
(MSBs), where higher linearity is required as errors cause
greater changes in the output voltage. As a result, the DAC
quantization characteristic can be kept linear within a wide
range of resolutions with reduced complexity. In this work
we assume that partial segmentation is applied, such that the
B/2 least significant bits are binary weighted and the rest use
segmentation.

Consider now the power dissipation of the digital circuitry
of the DAC. We assume that the power consumption is
dominated by the switching operation, described by PD

DAC =
βCLfclkV

2
DD, where β is the average switching activity, fclk

is the clock frequency and CL is the average load capac-
itance. Then, the total power consumption of the DAC is
PDAC = PA

DAC + PD
DAC. Note that PD

DAC can be considered
constant, while PA

DAC is a function of the DAC resolution. In
fact, we are interested in a direct relation between PA

DAC and
B.

Under these considerations, the output current of the partial
segmentation DAC is

Iout = IMSB
out +ILSB

out =

Bmax∑
i=B/2

bi2
B/2Iu+

B/2−1∑
i=0

bi2
iIu, (15)

where Bmax = 2B/2−1 + B/2 − 1, and 2B/2Iu is the unit
current for the segmented MSBs. The maximum current will
occur when all bits are set to one, that is bi = 1, for all i,

Imax = Iu

2B−1 +

B/2−1∑
i=0

2i

 = Iu

[
2B−1 + 2B/2 − 1

]
.

Then the maximum signal power at the output of the DAC is
Pout,max = I2maxRL. Considering a multi-carrier signal such as
OFDM, the PAPR is,

PAPR|dB = 10 log

(
Pout,max

P̄out

)
= 20 log

(
Imax

Īout

)
. (16)

Then, the average output current Īout can be computed as

Īout =
Imax

10PAPR|dB/20
=

Iu
[
2B−1 + 2B/2 − 1

]
10PAPR|dB/20

.

Therefore, the average analog power consumption is

PA
DAC = ĪoutVDD =

Iu
[
2B−1 + 2B/2 − 1

]
10PAPR|dB/20

VDD,

which, considering a normalized bias voltage VDD = 1 [V],
leads to a total DAC power consumption of,

PDAC =
Iu

[
2B−1 + 2B/2 − 1

]
10PAPR|dB/20

+ βCLfclk. (17)

Note that we are interested here in the dependence of the
DAC power consumption on its resolution, while the actual
accurate value may depend on the manufacturing process,
technology and other factors negligible to our analysis.

For ADCs and DACs with resolution higher than four
bits, the quantization noise can be modelled very accurately
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following the usual assumption of white additive noise uni-
formly distributed in the rage [−∆/2,∆/2] with variance
σ2
Q = ∆2/12, where ∆ = VDD/2

B is the quantization
step [14]. This enables adding this term as NQ in the SNR
expression (the term a in (1)) to evaluate its contribution on
the energy efficiency of the system.

B. Effect of PAPR reduction

It was shown in [10] that adding PAPR reduction on a mas-
sive MIMO communications system can effectively increase
its EE, regardless of the type of beamforming implemented
(fully digital or hybrid). This is due to the improvement that
can be obtained in the PA efficiency ηPA, as signals with lower
PAPR can be amplified by PAs biased with a lower input back-
off. However, the calculations assumed the worst case scenario
where all users are far away from the base station, near the cell
border. It should be expected that considering realistic spatial
distributions for the users locations may give more accurate
results. In addition, as shown in equation (17), a lower PAPR
will also affect the power consumption at the DAC, which also
has to be considered. In this section, we analyze how PAPR
reduction affects the EE under this scenario.

The PA efficiency ηPA can be defined as

ηPA =
P̄PAo

PPA
(18)

where P̄PAo is the average power of the signals at the output
of the PA, while PPA is the PA consumption. Considering a re-
sistive load RL to the PA, an average output current ĪPAo, and
a suply voltage VDD, we can aproximate P̄PAo = (ĪPAo)

2RL

and PPA = ĪPAoVDD. Then, ηPA can be rewritten as

ηPA =
(ĪPAo)

2RL

ĪPAoVDD
= ĪPAo

RL

VDD
=

ĪPAo

IPA,max
(19)

where we replaced the maximum current at the otput of the
PA IPA,max = VDD/RL. From (16), we get

ηPA = 10−PAPR|dB/20 (20)

which we can use in the term a from (1) to evaluate the effect
of PAPR on the systems energy efficiency.

Let us define the PA efficiency before and after PAPR reduc-
tion as ηPA1

= 10−PAPR1|dB/20 and ηPA2
= 10−PAPR2|dB/20.

Considering PAPR2|dB = PAPR1|dB − ∆PAPR|dB , where
∆PAPR|dB is the PAPR reduction, it is possible to rewrite
ηPA2

= ηPA1
10∆PAPR|dB/20. Then, we can define a gain in the

PA efficiency due to PAPR reduction as G = 10∆PAPR|dB/20,
such that ηPA2

= GηPA1
.

IV. NUMERICAL EVALUATION

In this section we perform numerical evaluations of the
derived expressions and discuss the results. We chose the fol-
lowing parameter values for the computation of the consumed
power and the signal to quantization noise ratio (SQNR) that
define the EE,

• ηPA = 0.375.
• W = 200× 106 [Hz].
• N0 = 1× 10−16 [W/Hz].
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Fig. 1. Sum capacity for three different network topologies. The parameters
used are: λ0 = 3 [users/Km2], B = 12, α = 2, 3 (LOS, NLOS), G = 1.
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Fig. 2. Energy efficiency for three network topologies. The parameters used
are: λ0 = 3 [users/Km2], B = 12, α = 2, 3 (LOS, NLOS), G = 1.

• PPA = 5, P0 = 1, Pcommon = 50 [W].
• PRF = PDAC + 0.5 < 1.5 [W].
• B ∈ [4, 12], CL = 12 [pF], β = 0.2.

These values (except in the case of new parameters) are taken
from [10] and [15] to keep consistency, ease comparison, and
for tractability purposes.

We assume an OFDM modulated signal with N = 2048
active carriers, and a path-loss model for mm-waves as de-
scribed in (8) at an operation frequency of 29 GHz, considering
a distance d < R = 200 m between the UEs and the BS,
distributed according to equation (5). For the propagation pa-
rameters, we consider ᾱLOS = 2, ᾱNLOS = 3 and σ̄x,LOS = 4.5,
σ̄x,NLOS = 8.5, taken as the average values of the table in [12]
for LOS and NLOS conditions, respectively. We model the
PAPR as the maximum value of the threshold λ such that the
probability Pr {PAPR > λ} = 1 − [1 − e−λ]N < 1 × 10−7

[14]. This leads to a PAPR of 13.8 dB for the OFDM signal.
We also consider that this PAPR can be reduced from 3 to
6 dB with an adequate PAPR reduction technique, and thus√
2 < G < 2.
Figures 1 and 2 show the sum capacity and EE for the

three considered user location distributions, under both LOS
and NLOS conditions. As expected, they are both higher for
the LOS channel. However, a large drop is observed for the
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Fig. 4. Power consumption as a function of DAC resolution. The parameters
used are: λ0 = 3 [users/km2], NT = 64, α = 2, G = 1,

√
2, 2.

case of NLOS with user location distribution near the cell
border, which was not expected. Thus, the performance of an
EE aware resource allocation scheme evaluated in this scenario
largely underestimates the true performance in more realistic
scenarios. It can also be seen that adding PAPR reduction
indeed helps to raise both sum capacity and EE. This is shown
only for NLOS channel with UEs near the cell border for
readability, but the improvement is similar in all cases and
consistent with [10].

Figures 3 and 4 show the sum capacity and power consump-
tion as a function of DAC resolution for three PAPR levels.
Again, Figure 3 highlights the deviation form the practical
setups and the pessimistic case where all users are at the cell
edge. There, it can be seen that the DAC resolution has a
significant impact on sum capacity, due to the increment in
SQNR. In addition, the associated higher power consumption
(even greater with PAPR reduction) has a negligible effect on
the total power for B ≤ 10. Finally, for resolutions greater
than 10 bits, the channel noise becomes dominant and the
sum capacity curve flattens.

V. CONCLUSIONS

A model for the EE in massive MIMO systems has been
proposed, considering the effect of PAPR reduction and DAC

resolution for different user location distributions. The in-
homogeneous PPP model allows to obtain results that accu-
rately match the behavior in realistic deployments. We found
that the pessimistic assumption of all users located at the cell
edge leads to a large underestimation of the achievable energy
efficiency of the system. Additionally, the analysis of the trade-
offs raised by the effect of different DAC resolutions on power
consumption, SQNR, and PAPR results a valuable tool for
optimizing the systems design. DAC resolutions higher than
10 bits increase the power consumption without a significant
gain in sum capacity. Although PAPR reduction also increases
the power consumption, this increment can be kept low for
DAC resolutions lower than 10 bits.
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