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•  How we got started 

•  Why many-antenna base station 

•  What we have learned 

•  What we are doing now 
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How we started 
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Why a mobile system guy got 
interested in massive MIMO 
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Wireless consumes a lot of power 
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Power profile !=Energy profile 

HTC Wizard 
October 2005 



First insight 

•  Wi-Fi more efficient than cellular 
– MobiSys’07 
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Why is Wi-Fi more efficient? 
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PTX = a*D2 

D
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Horribly wasteful 
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Directional transmission! 



Passive directional antenna to save energy 
(MobiCom’10) 

•  No power overhead 
•  Fixed bean patterns 
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Beamforming to save energy  
(MobiCom’11) 

•  Extra transceivers 
•  Steerable beams 
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Power by multi-antenna systems 
(uplink) 
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PPA =PTX / η PCircuit 

PShared 

P = Pshared + N·PCircuit + PTX / η  



Circuit vs. radiation power tradeoff 

P=Pshared + 1·PCircuit + PTX / η  

Fixed receiver SNR 



Circuit vs. radiation power tradeoff 

P=Pshared + 2·PCircuit + PTX / η  

Fixed receiver SNR 



Circuit vs. radiation power tradeoff 

P=Pshared + 3·PCircuit + PTX / η  

Fixed receiver SNR 



Circuit vs. radiation power tradeoff 

P=Pshared + 4·PCircuit + PTX / η  

Fixed receiver SNR 



Circuit vs. radiation power tradeoff 
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•  Optimal number of antennas for efficiency 

Tradeoff No. 1  

24 

𝑁 = 𝑎 ∙ 𝑃 /𝑃 − 𝑏 ∙ 𝑃  

• Optimal number of antennas for efficiency 



Hardware is cheap & getting cheaper 
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SISO
2x2 MIMO

Sources:  IEEE Int. Solid-State Circuits Conferences (ISSCC) and IEEE Journal of Solid-State Circuits (JSSC) 

P = Pshared + N·PCircuit + PTX / η  



Hardware is cheap & getting cheaper 

Sources:  IEEE Int. Solid-State Circuits Conferences (ISSCC) and IEEE Journal of Solid-State Circuits (JSSC) 

P = Pshared + N·PCircuit + PTX / η  



Circuit vs. radiation power tradeoff 
is increasingly profitable 

•  The most energy-efficient way is to use all 
the antennas 
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Tradeoff No. 1  

24 

𝑁 = 𝑎 ∙ 𝑃 /𝑃 − 𝑏 ∙ 𝑃  

• Optimal number of antennas for efficiency 



Beyond a single link 
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What the carrier wants: 
 Use all your antennas! 
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Guiding principles distilled 

•  Spectrum is scarce 

•  Hardware is cheap, and getting cheaper 
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You can’t really fit a lot of 
antennas in a mobile device L 
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Got a call from Erran Li, Bell Labs 
Spring 2011 

25 
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Noncooperative Cellular Wireless with
Unlimited Numbers of Base Station Antennas

Thomas L. Marzetta

Abstract—A cellular base station serves a multiplicity of
single-antenna terminals over the same time-frequency interval.
Time-division duplex operation combined with reverse-link pilots
enables the base station to estimate the reciprocal forward- and
reverse-link channels. The conjugate-transpose of the channel
estimates are used as a linear precoder and combiner respectively
on the forward and reverse links. Propagation, unknown to both
terminals and base station, comprises fast fading, log-normal
shadow fading, and geometric attenuation. In the limit of an
infinite number of antennas a complete multi-cellular analysis,
which accounts for inter-cellular interference and the overhead
and errors associated with channel-state information, yields a
number of mathematically exact conclusions and points to a
desirable direction towards which cellular wireless could evolve.
In particular the effects of uncorrelated noise and fast fading
vanish, throughput and the number of terminals are independent
of the size of the cells, spectral efficiency is independent of
bandwidth, and the required transmitted energy per bit vanishes.
The only remaining impairment is inter-cellular interference
caused by re-use of the pilot sequences in other cells (pilot
contamination) which does not vanish with unlimited number
of antennas.

Index Terms—Multiuser MIMO, pilot contamination, nonco-
operative cellular wireless, active antenna arrays.

I. INTRODUCTION

MULTIPLE-ANTENNA (conveniently referred to as
MIMO - Multiple-Input, Multiple-Output) technology

is a key feature of all advanced cellular wireless systems [1],
but it has yet to be adopted on a scale commensurate with
its true potential. There are several reasons for this. Cheaper
alternatives to increasing throughput, such as purchasing
more spectrum, are invariably adopted before more expensive
and technologically sophisticated solutions. A point-to-point
MIMO system [2] requires expensive multiple-antenna termi-
nals. Multiplexing gains may disappear near the edges of the
cell where signal levels are low relative to interference or in
a propagation environment which is insufficiently dominated
by scattering.

An alternative to a point-to-point MIMO system is a mul-
tiuser MIMO system [3], [4], [5], [6] in which an antenna array
simultaneously serves a multiplicity of autonomous terminals.
These terminals can be cheap, single-antenna devices, and the
multiplexing throughput gains are shared among the terminals.
A multi-user MIMO system is more tolerant of the propagation
environment than a point-to-point system: under line-of-sight
propagation conditions multiplexing gains can disappear for a
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point-to-point system, but are retained in the multi-user system
provided the angular separation of the terminals exceeds the
Rayleigh resolution of the array.

Channel-state information (CSI) plays a key role in a multi-
user MIMO system. Forward-link data transmission requires
that the base station know the forward channel, and reverse-
link data transmission requires that the base station know the
reverse channel.

A. Multi-user MIMO systems with very large antenna arrays

Multi-user MIMO operation with a large excess of base
station antennas compared with terminals was advocated in
[7] which considers a single-cell time-division duplex (TDD)
scenario in which a time-slot over which the channel can be
assumed constant is divided between reverse-link pilots and
forward-link data transmission. The pilots, through reciprocity,
provide the base station with an estimate of the forward
channel, which in turn generates a linear pre-coder for data
transmission. The time required for pilots is proportional to the
number of terminals served and is independent of the number
of base station antennas [8]. Irrespective of the number of base
station antennas, the number of terminals that can be served is
therefore limited by the coherence time, which itself depends
on the mobility of the terminals. The principal finding of [7]
is that, even with a very noisy channel estimate, the addition
of more base station antennas is always beneficial, and in the
limit of an infinite number of antennas, the effects of fast
fading and uncorrelated noise vanish. One can always recover
from low SNR conditions by adding a sufficient number of
antennas.

The present paper considers multi-user MIMO operation
with an infinite number of base station antennas in a multi-
cellular environment. A new phenomenon emerges which
was not encountered in the single-cell scenario of [7]: pilot
contamination [9]. The same band of frequencies is re-used
with factor one, three, or seven among the cells. Of necessity,
the same orthogonal pilot sequences are re-used - possibly
multiplied by an orthogonal transformation - among the cells.
In the course of learning the channels to its own terminals,
a base station inadvertently learns the channel to terminals in
other cells who share the same pilot sequence, or whose pilot
sequences are merely correlated with the pilot sequences of its
own terminals. While transmitting data to its terminals the base
station is also selectively transmitting data to terminals in other
cells. Similarly when the base station combines its reverse-link
signals to receive the individual data transmissions of its ter-
minals, it is also coherently combining signals from terminals
in other cells. The resulting inter-cellular interference persists
even with an infinite number of antennas.

1536-1276/10$25.00 c⃝ 2010 IEEE



Clay Shepard went to Bell Labs Summer 2011 
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Why many-antenna base station? 

28 



29 

Data 1 

Omni-directional base station 

Poor spatial reuse; poor power efficiency; high inter-cell interference 
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Data 1 

Sectored base station 

Better spatial reuse; better power efficiency; high inter-cell interference 
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Data 1 

D
ata 3 

Single-user beamforming base station 

Better spatial reuse; best power efficiency; reduced inter-cell interference 
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D
ata 2 

Data 1 

D
ata 5 

Multi-user MIMO base station 

M: # of BS antennas 
K: # of clients (K ≤ M) 

Best spatial reuse; best power efficiency; reduced inter-cell interference 



Why massive? 

•  More antennas è Higher spectral efficiency 
•  More antennas è Higher energy efficiency 

•  Marzetta’s key result 

–  Simple baseband technique becomes effective 
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T.L. Marzetta. Noncooperative cellular wireless with unlimited numbers of base station antennas. IEEE Trans. on Wireless Comm., 2010. 



How multi-user MIMO works 
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H

M: # of BS antennas                 K: # of clients 
 

M ≥ K 
 



Multi-user MIMO: Precoding 
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H

M: # of BS antennas                 K: # of clients 
 

M ≥ K 
 

s !s = f (s, H)
(M x 1 matrix) (Kx1 matrix) 



Linear Precoding 
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H

M: # of BS antennas                 K: # of clients 
 

M ≥ K 
 

s
(M x 1 matrix) (Kx1 matrix) 

!s =W ⋅s



Linear Precoding I:  
Zero-forcing Beamforming 
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Zero-forcing Beamforming 
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Zero-forcing Beamforming 
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D
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Data 1 

D
ata 5 

W = c ⋅H *(HTH *)−1



Zero-forcing does not scale well 
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W = c ⋅H *(HTH *)−1

Inversion of  M X M matrix 
O(M*K2) 



Linear precoding II: 
Conjugate Beamforming 
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Data 1 



With more antennas 
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Data 1 



With even more antennas 
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Data 1 



D
ata 5 

Conjugate Multi-user Beamforming 

Data 1 

D
ata 2 

W = c ⋅H *

Conjugate approaches Zeroforcing  
as M/Kè∞ 



Conjugate scales very well 
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W = c ⋅H *

O(K) per antenna 
 

Marzetta’s key result: 
Conjugate approaches Zeroforcing as M/Kè∞ 

 



Many-antenna vs. small cell 

•  Major wireless equipment only 35% 
•  Just get the site to work: >50% 
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China Mobile Research Institute 5 

       
Fig.  3:  CAPEX  and  OPEX  Analysis  of  Cell  Site 

OPEX in network operation and the maintenance stage play a significant part in the TCO. 
Operational expenditure includes the expense of site rental, transmission network rental, 
operation /maintenance and bills from the power supplier. Given a 7-year depreciation period of 
BS equipment, as shown in Fig.4, an analysis of the TCO shows that OPEX accounts for over 60% 
of the TCO, while the CAPEX only accounts for about 40% of the TCO. The OPEX is a key factor 
that must be considered by operators in building the future RAN. 

The most effective way to reduce TCO is to decrease the number of sites. This will bring down 
the cost for the construction of the major equipment; and will minimize the expenditure on the 
installation and rental of the equipment incurred by their occupied space. Fewer sites means 
the corresponding cost of supplementary equipment will also be saved. This can significantly 
decrease   the   operators’   CAPEX   and   OPEX,   but   results in poorer network coverage and user 
experience in the traditional RAN. Therefore, a more cost-effective way must be found to 
minimize the non-productive part of the TCO while simultaneously maintaining good network 
coverage. 

 
Fig.  4  TCO  Analysis  of  Cell  Site   

x Multi-standard environment 

It is understood that the large number of legacy terminals, 2G, 3G, and B3G infrastructure will 
coexist for a very long time to meet consumers’ demand. Most of the major mobile operators 
worldwide will thus have to use two or three networks (Table 1) [1]. In the new economic 
climate, operators must find ways to control CAPEX and OPEX while growing their businesses. 
The base station occupies the largest part of infrastructure investment in a mobile network. 
Multi-mode base station is expected as a cost efficient way for operators to alleviate the cost of 
network construction and O&M. In addition, sharing of hardware resources in a multi-mode 
base station is the key approach to lower cost. 

Capital Expenditure (CAPEX) of Cell Site 

China Mobile White Paper: C-RAN: The Road Towards Green RAN (Oct, 2011) 



•  Operating & Maintenance (O&M) •  Operating Expenditure (OPEX) 
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“The most effective way to reduce TCO is to decrease the number of sites.”  

China Mobile White Paper: C-RAN: The Road Towards Green RAN (Oct, 2011) 

Total Cost of Ownership (TCO) 
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If you’ve got a site, better use as 
many antennas as you can 



After a summer at Bell Labs 

49 10-antenna prototype in the anechoic chamber at Bell Labs  



ArgosV1  
(MobiCom’12) 
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What we have learned 
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Good news:  
Linear gains as # of users increases 

Capacity vs. K, with M = 64 
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Linear gains as # of BS antennas increases 
even as total PTX scaled with 1/M 

Capacity vs. M, with K = 15 
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Disappointment: Conjugate not approaching 
Zero-forcing up to 64 antennas 

Capacity vs. M, with K = 15 
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Zero−forcing
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Local Conj.
SUBF
Single Ant.

Disappointment: Conjugate not approaching 
Zero-forcing up to 64 antennas 

Capacity vs. M, with K = 4 

56 



The dirty secret of massive MIMO 
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H

M: # of BS antennas                 K: # of clients 
 

M ≥ K 
 

s !s = f (s, H)
(M x 1 matrix) (Kx1 matrix) 



The dirty secret of massive MIMO 
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H

M: # of BS antennas                 K: # of clients 
 

M ≥ K 
 

s !s = f (s, H)
(M x 1 matrix) (Kx1 matrix) 



Sounding-feedback does not scale 
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M: # of BS antennas                 K: # of clients 
 

M ≥ K 
 

s !s = f (s, H)
(M x 1 matrix) (Kx1 matrix) 



One must use time-division duplex 
and client-sent pilot 
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M: # of BS antennas                 K: # of clients 
 

M ≥ K 
 

s !s = f (s, H)
(M x 1 matrix) (Kx1 matrix) 



What happens in a single 
coherence period 
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Listen to pilot 

Calculate BF weights 

Send data 

Time 

Receive data 
Send pilot Time 

Receive data 

Send data 

Within coherence time 



Both theory and our experiments 
only consider…… 
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Listen to pilot 

Calculate BF weights 

Send data 

Time 

Receive data 
Send pilot Time 

Receive data 

Send data 



What if we factor all in? 
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Listen to pilot 

Calculate BF weights 

Send data 

Time 

Receive data 
Send pilot Time 

Receive data 

Send data 

The base station can receive during calculation but the 
opportunity is limited due to downlink/uplink asymmetry 



What if we factor all in? 

•  Client mobility 
–  Channel coherence time 

•  Number of clients 
–  Time to listen to pilot 

•  Computation hardware on base station 
–  Time to calculate BF weights 

64 

Listen to pilot 

Calculate BF weights 

Send data 

Time Receive data 



65 Zeroforcing with various hardware configurations 

M = 64    K = 15 
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Conjugate

Type S L Inv. Type Sym.

Super Infiniband 40 Gbps 1 µs FPGA  
Cluster 4x10GbE 40 Gbps 20 µs 8xIntel i7 ⌅
High 2x10GbE 20 Gbps 20 µs 4xIntel i7 ⌥
Mid 10GbE 10 Gbps 20 µs 2xIntel i7 F
Low GbE 1 Gbps 20 µs Intel i7 N

Figure 1: Zero-forcing and conjugate comparison for

di↵erent hardware configurations for a M=64, K=15

system.

5. SIMULATION
Leveraging our model we analyze the performance of

practical many-antenna linear precoding under realistic
constraints. We focus on scenarios where the perfor-
mance of conjugate and zero-forcing cross, as they high-
light the conditions when it is important to consider the
tradeo↵s between the two precoding techniques.

5.1 Simulation Methodology
Using the performance model described in Section 4,

we input a range of realistic parameter values and an-
alyze their impact on performance. As defined in Ta-
ble 1, there are 11 input parameters to the model; in
order to reduce the dimensionality in the presented re-
sults, we hold C

b

, M , N
b

, and B constant, as they yield
the least interesting impacts on performance. For all
experiments we base the coherence bandwidth, C

b

, and
channel width, B, on LTE, which defines C

b

= 210 kHz
and B = 40 MHz (20 MHz uplink and 20 MHz down-
link). Our platform supports up to 64 base station an-
tennas, so M = 64. We choose the number of bits in
channel estimates to be 32 (16 real and 16 imaginary),
as this o↵ers low quantization error, and is the width
used by our implementation.

We then vary the remaining 7 parameters as follows:
We look at channel coherence times, C

t

, that range
from 500 µs to 50 ms, which are reasonable for real-
world mobility, and in-line with the LTE parameters.
Using the many-antenna base station implementation
described in [6] we collect the real-world spectral e�-
ciency, ✓, achieved by conjugate and zero-forcing pre-
coding as the number of users, K, varies from 1 to 15.
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Zero−Forcing
Conjugate

Figure 2: Zero-forcing and conjugate comparison

for number of terminals and fixed coherence time

of 30 ms with low-end hardware.

In order to assess the impact of hardware capability, S,
D, L, and T-1, on capacity, we devise four base stations
which range from low-end hardware using Ethernet to
high-end custom FPGA designs using InfiniBand; the
specifications are provided in Figure 1 [5, 3].

5.2 Results
The main factors which a↵ect the performance trade-

o↵s between conjugate and zero-forcing are coherence
time, hardware capability, and number of users. We
design simulations which analyze each of these factors,
and clearly show their impact on the tradeo↵ between
conjugate and zero-forcing.

5.2.1 Coherence Time and Hardware Capability
We first look at the achieved capacity of conjugate

and zero-forcing with regard to coherence time. Fig-
ure 1 shows that while serving 15 users simultaneously,
conjugate beamforming outperforms zero-forcing at co-
herence times up to 38 ms in the low-end base station.
We clearly see that as the coherence time drops, the
overhead of zero-forcing dominates its capacity.

However, we can also see in Figure 1, that given the
specialized “super” high performance central processor
and switch we can reduce this tradeo↵ point to below
3 ms. Even using very high-end servers, it is still very
di�cult to reduce the tradeo↵ point to below 5 ms.

5.2.2 Number of Users
Finally, we note that as the number of users grows,

the performance of zero-forcing quickly degrades under
the constraint of low coherence times, as the overhead
from data-transport and processing dominate its capac-
ity. Figure 2 demonstrates a scenario where conjugate
begins to outperform zero-forcing with more users; with
4-6 users their performance is equivalent, but as the
number of users grows to 15, zero-forcing achieves only

5
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Zero−Forcing
Conjugate

Fixed coherence time of 30 ms with low-end hardware. 
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What we have learned 

•  Computational resources matter significantly 

•  Simplistic Conjugate beamforming works 
– Not in Marzetta’s theoretical sense 

•  Need adaptive solutions 
– # of clients; client mobility 
– Precoding methods: Conjugate vs. Zero-forcing 
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What we are working on 
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Going for more antennas 
ArgosV2 (2013) 

69 

12 WARP V3 (48 antennas) per rack 
 
 
Polycarbonate, dado-style shelf 
 
  
Anti-static spray and thermal vent 
 
Battery-powered ArgosMobile 



96-antenna configuration 







Ongoing Work: ArgosLab 

•  Software Framework for Rapid Prototyping 

•  Out-of-the-box Functionality 
– Time/Frequency Synchronization 
– Calibration 
– CSI Collection 

•  Scheduled frame-based real-time 
Transmission 



From Argos to ArgosNet 

A network of massive MU-MIMO base stations 
74 

10 GbE

10 GbE10 GbE
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NetFPGA
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10 GbE

Server

Server Server

ArgosCloud

ArgosBS 1
(Outdoor) 

ArgosBS 2
(Outdoor)

ArgosBS 3
(Outdoor)

ArgosBS 4
(Indoor) 

•  Inter-cell interference management 
•  Pilot contamination 
•  Client grouping & scheduling 
•  Cloud RAN 



In summary…… 
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More BS antennas + MU-MIMOè  
Higher efficiency & lower interference 

D
ata 2 

Data 1 

D
ata 5 



D
ata 10 

Data 12 

Data 6 

D
ata 9 

Data 1 

D
ata 3 

More BS antennas + MU-MIMOè  
Higher efficiency & lower interference 



Guiding Principles 

•  Spectrum is scarce 

•  Hardware is cheap, and getting cheaper 
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