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Abstract—This brief presents an efficient and configurable
multiple-input–multiple-output (MIMO) signal detector design
solution and its high-speed IC implementation. This detector can
support 2 × 2/3 × 3/4 × 4 MIMO and quadratic phase-shift
keying/16-state quadratic amplitude modulation (QAM)/64-state
QAM modulation configurations. The detection algorithm em-
ploys an early-pruned technique that can reduce up to 46% node
extensions in the K-Best sphere decoder while maintaining an
almost maximum-likelihood performance. A parallel multistage
folded very large scale integration architecture is accordingly
developed that can achieve high detection throughput and con-
figurability. To further improve the IC implementation efficiency,
this detector also uses a candidate-sharing structure for partial
Euclidean distance calculation and a two-stage sorter for survivor
node selection. A test chip has been fabricated using 0.13-µm
single-poly- and eight-metal (1P8M) CMOS technology with a core
area of 3.9 mm2. Operating at 1.2-V supply with 137.5-MHz clock,
the chip achieves 1.1-Gb/s throughput and consumes 115 pJ per
bit, representing 40% more energy efficient than state of the art in
the open literature.

Index Terms—Detector, early-pruned K-Best, multiple-input–
multiple-output (MIMO), very large scale integration (VLSI).

I. INTRODUCTION

MULTIPLE-input–multiple-output (MIMO) wireless
communication [1] has been adopted in many commu-

nication standards such as IEEE 802.11n and IEEE 802.16e/m
and is being seriously considered for next-generation gigabit-
per-second wireless communications, such as the long-term
evolution (LTE) project, the wireless gigabit with advanced
multimedia (WIGWAM) project, and the international mobile
telecommunications advanced (IMT-A) system [2], [3]. Be-
cause of its practical importance, MIMO detector VLSI design
has recently received much attention [4]–[9]. Nevertheless,
most prior work can only support a single configuration with
fixed antenna and constellation size and did not demonstrate a
beyond-gigabit-per-second detection throughput.

This work aims to develop a highly configurable MIMO
detector design solution that can achieve beyond-gigabit-
per-second detection throughput for up to 4 × 4 MIMO
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with 64-QAM modulation. Moreover, in order to maintain a
performance close to maximum-likelihood (ML) detection, we
focus on the use of nonlinear breadth-first MIMO detection
(also known as K-Best detection). To meet the aforementioned
aggressive objective, it is necessary to cohesively consider
detection algorithm and very large scale integration (VLSI)
architecture design. At the algorithm level, we develop an
early-pruned scheme to reduce the computational complexity
of K-Best sphere detection. The key is to apply an extension
number constraint to prune those relatively less reliable nodes
before the partial Euclidean distance (PED) calculation,
which could reduce the detection complexity at almost no
detection performance degradation. At the detector VLSI
architecture level, we develop a parallel multistage folded
(PMF) architecture that can seamlessly support various MIMO
configurations in terms of antenna number and modulation
order. Meanwhile, we develop two techniques to further
improve detector VLSI architecture efficiency, including
candidate-sharing structure for increasing parallel detection
hardware utilization and two-stage sorter for reducing sorting
complexity. To evaluate the proposed design solution, we
design and fabricate a MIMO signal detector at 130-μm node.
It can support 2 × 2/3 × 3/4 × 4 MIMO and quadratic phase-
shift keying (QPSK)/16-state quadratic amplitude modulation
(16-QAM)/64-state quadratic amplitude modulation (64-QAM)
configurations and only occupies 3.9 mm2. Measurement re-
sults successfully demonstrate a 1.1-Gb/s detection throughput
and 115-pJ/bit energy consumption for 4 × 4 MIMO with
64-QAM modulation while maintaining an almost-ML
detection performance. To the best of our knowledge, this is
the highest throughput and most energy efficient among all the
MIMO detectors reported in the open literature.

II. BACKGROUND

Considering a spatially multiplexed N × N MIMO system,
the equivalent baseband system model after real-value decom-
position [10] is expressed as

r = Hs + n (1)

where s is the 2N × 1 transmitted vector, in which each com-
ponent is taken independently from a set of real constellation
points (Ω), r is the 2N × 1 received vector, n is the vector of
independent identically distributed zero-mean Gaussian noise
samples, and H is the 2N × 2N channel matrix. Usually, QR
decomposition [10] is applied to the channel matrix: H = QR,
where Q is unitary and R is upper triangular. Multiplied by the
conjugation of Q, the system model is rewritten as

y = Rs + ν (2)
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where y = QHr, and v = QHn is a noise vector with the same
statistics as n. The objective of MIMO detection is to recover
the original s, given r and H . The ML estimation of s can be
formulated as solving the closest-point-search problem

ŝML = arg min
s∈Ω2N

|y − Rs|2. (3)

Because of its inherent computational parallelism,
feedforward-only search operation, and almost-ML perfor-
mance, the K-Best algorithm is often used for high-throughput
MIMO detector implementations [10]. It transfers the closest-
point-search problem in ML detection to a tree-search
problem by rewriting (3) in a progressive way

ŝ = arg min
s∈Ω2N

2N∑
i=1

∣∣∣∣∣∣yi −
2N∑
j=1

Rijsj

∣∣∣∣∣∣
2

(4)

and carries out breadth-first tree search by

Ti =Ti+1 + inci,

inci =

∣∣∣∣∣∣yi −
2N∑

j=i+1

Rijsj − Riisi

∣∣∣∣∣∣
2

= |Pi+1 − Riisi|2 (5)

where Ti is the PED corresponding to the node at the ith layer.
Starting from the top (2N th) layer of the tree to the bottom
(1st layer), the K-Best detector traverses the tree in a breadth-
first way and exploits all the child nodes of K survived father
nodes in each layer to select K best candidates associated with
K smallest PEDs to be extended next. Since only K survivors
lead to the calculation of the next layer, most of the nodes
are unnecessarily exploited in brute-force K-Best detection.
Therefore, a sphere constraint is typically applied to reduce
the unnecessary visits to some nodes [6], i.e., given a radius
constraint r2, we only consider those nodes that could possibly
lead to a PED less than r2.

III. PROPOSED EARLY-PRUNED K-BEST DETECTION

A. Algorithm Description

Although the use of sphere constraint in K-Best detection
can reduce computations to a certain extent, there are still a
large amount of wasted calculations induced by visiting too
many nodes, particularly in high-order modulations. Because
the K-Best sphere decoder places a global constraint r2 on the
overall PEDs, this tends to be too loose for the accumulative
PEDs in upper layers, where only a few terms are contributed.
As a result, branches more likely outside the radius will not
be trimmed until the search reaches lower layers, which incurs
PED calculation wastes. Moreover, because r2 is a constraint
for the PED, a node dissatisfying the constraint will not be
pruned until its PED is completely calculated and compared
with the radius. Therefore, the reduction of PED calculations
in the K-Best sphere decoder is still relatively limited.

To further reduce the computational complexity, we propose
an early-pruned technique with a simple basic idea: by re-
placing the global radius constraint r2 with a set of extension

number constraints (i.e., for each kth father node at the ith layer,
we simply put an individual extension number constraint Li,k

to each node. At the ith layer, the point with the smallest PED
corresponding to the kth father node is given by

s̃k
i =

⎛
⎝yi −

2N∑
j=i+1

Rijs
k
j

⎞
⎠ /

Rii. (6)

The proposed early-pruned K-Best algorithm only exploits Li,k

constellation points nearest to s̃k
i . Using the well-known zigzag

enumeration technology [10], these Li,k best points can be
conveniently found. Different from the PED-constraint-based
early-pruning technique in [11], this proposed early-pruned
scheme prunes less reliable paths before PED calculations and
thus can save a large number of computations. The constraint
Li,k is determined according to the transmission probability of
each nodes. In K-Best detection, a more reliable father node
under a relatively better channel condition tends to generate
more reliable child nodes [12]; thus, fewer paths need to be ex-
tended. Furthermore, because the K survived father nodes are
selected by sorting, their PEDs increase with the index k, which
means that the reliability of a father node decreases with k.
Based on the preceding discussions, we propose to derive the
constraint Li,k using the channel coefficient Rii and the father
node index k

�β(Ω − k/Ω)/Rii� (7)

where �·� denotes the floor function, Ω is the constellation size,
and β is a parameter that can be adjusted to tune the tradeoff
between detection complexity and performance. A larger value
of β means a looser constraint and results in a lower probability
that the ML node is pruned, and thus, a better performance
will be achieved. Meanwhile, more paths are expanded, and the
complexity accordingly increases. Two boundary cases should
be considered when calculating Li,k using (7): If the calculated
Li,k is less than 0, we simply set Li,k as 0, which means that no
new path is expanded and the branch is trimmed; If Li,k is larger
than Ω, Li,k should be saturated as Ω, which means that all the
corresponding child nodes should be exploited. By introducing
the constraint Li,k, this early-pruned scheme trims less reliable
branches at earlier stages of the search process, leading to a
more efficient detection than the conventional K-Best sphere
decoder.

It should be pointed out that Li,k is determined before tree
search, and its calculation is a frame-based operation when a
quasi-stationary channel is assumed. In summary, the proposed
detection algorithm can be expressed by seven steps.

1) Calculate Li,k according to (7), and set T2N+1 = 0.
2) Set i = 2N .
3) For the kth father node in the ith layer, exploit its Li,k

best child nodes.
4) Calculate the PEDs of these Li = Li,1 + Li,2 + · · · +

Li,K nodes according to (5).
5) If Li > K, select the K best PEDs by sorting; else, sort

these Li PEDs in their ascending order.
6) Set i = i − 1. If i �= 1, go back to step 3.
7) Select the node with the smallest PED, and output its

corresponding path as the final detection result.
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Fig. 1. Simulated BER performance and comparison with K-Best sphere
detection and ML detection.

TABLE I
AVERAGE NUMBER OF EXTENDED NODES (4 × 4, 16-QAM)

TABLE II
AVERAGE NUMBER OF EXTENDED NODES (4 × 4, 64-QAM)

B. Simulation Results

The proposed early-pruned K-Best algorithm is compared
with the K-Best sphere decoder in terms of uncoded bit-
error-rate (BER) performance and computational complexity
measured by the average number of visited nodes in each
tree search. The simulation setup is based on 16-QAM and
64-QAM transmission over a 4 × 4 Rayleigh flat-fading MIMO
channel with additive white Gaussian noise. For each simula-
tion, 1000 packets, each containing 1024 bytes of information
bits, were transmitted, and each package transition spanned one
realization of the MIMO channel. Fig. 1 compares the BER of
the proposed algorithm with different β’s to the K-Best sphere
detection and ML detection. The radius constraint r2 in the
K-Best sphere detection is set in the same way as in [6]. As
shown in Fig. 1, as the value of β increases, the detector can
achieve a better detection performance. When β is equal to
0.7 and 0.5, respectively, this proposed detection algorithm can
achieve the performance very similar to that of K-Best sphere
detection and ML detection for 16-QAM and 64-QAM.

Tables I and II show the average number of nodes visited
when using this proposed algorithm and conventional K-Best
sphere detection. Because the radius r2 is determined by the
channel noise statistics, the K-Best sphere detection has a
signal-noise-ratio-dependent variable computational complex-
ity. The computational complexity of this proposed algorithm,
on the other side, is constant, and at least 32% and 46% node
extensions are reduced for 16-QAM and 64-QAM, respectively.

Fig. 2. Proposed parallel multistage folded architecture for implementing
early-pruned K-Best detection.

IV. VLSI ARCHITECTURE DESIGN

A. Proposed PMF Architecture

To effectively exploit the inherent parallelism of breadth-
first search and meanwhile maintain a high configurability, we
develop a PMF MIMO detector architecture to implement the
previously presented detection algorithm, as shown in Fig. 2.
The constraint calculation unit receives channel information R
and parameter β as inputs and calculates Li,k according to (7).
The detector contains eight stages of process elements (PEs),
corresponding to the eight layers of the searching tree in the
case of 4 × 4 MIMO configuration. Each stage of PE includes
K parallel PED calculation units (PCUs) dealing with K father
nodes simultaneously to improve the throughput and a K-Best
select unit selecting K smallest PEDs. The PCU consists of
a father node PE (FPE), an enumeration unit (EU), and two
folded child node PEs (CPEs). The FPE computes Pi+1 in (5),
which is common to all the child nodes extended from the same
father node. The EU computes s̃k

i in (6) and enumerates the
real-value constellation points in a zigzag manner [10]. When
the Li,k best nodes have been found, the enumeration stops
to save power. The CPEs calculate the two PEDs each time
and finish the computation of all the Li,k PEDs in a time-
multiplexed manner.

This proposed MIMO detector architecture can efficiently
realize various configurations in terms of antenna number and
modulation order. The antenna configuration is enabled by the
multistage architecture, which can be configured to different
MIMO modes by activating different PE stages. For example,
we configure the detector to a 2 × 2 MIMO mode by closing
the PE4-PE1 and generating the detection result from PE5. The
folded architecture offers the ability to support modulation con-
figurations. For example, the child node PEs calculate the PEDs
by reusing hardware resources recursively. The maximum reuse
time, which is defined as folding factor Nm, is decided by the
modulation order and is set to 1, 2, and 3 for QPSK, 16-QAM,
and 64-QAM, respectively. The PE is closed when finishing the
calculation of the Li,k PEDs. Generally, Li,k is much smaller
than the constellation size; thus, a great amount of power can
be saved.

B. Techniques to Further Improve Implementation Efficiency

We develop two techniques that can further improve
the MIMO detector VLSI architecture efficiency. The first
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Fig. 3. Candidate-sharing structure for partial Euclidean distance calculation.

technique aims to share candidate PED calculation to reduce the
corresponding computational complexity, and the second one
intends to reduce the sorting complexity through a two-stage
sorter. These two techniques are described as follows:

1) Candidate-Sharing PCU: PED calculation is the most
complex process in MIMO detection. A straightforward real-
ization of the PED calculation tends to incur a large silicon
overhead. For example, one FPE at the ith stage needs 2N − i
multipliers and 2N − i adders to finish the Pi+1 calculation
in (5). Moreover, K such FPEs need to be duplicated to calcu-
late K father nodes simultaneously. One of the most effective
methods to save silicon area in a parallel design is resource
sharing. Since the real-value QPSK/QAM point is selected
from a finite set of odd integers and then multiplied with a
normalization factor, e.g., s ∈ [±7,±5,±3,±1] × 1/

√
42 for

64-QAM, we propose a candidate-sharing structure to improve
PED calculation efficiency, where Rijsj in (5) is not calculated
separately in each FPE. Instead, a candidate generation unit
(CGU) is used to generate all the possible values of Rijsj .
K FPEs share a single CGU. Each FPE finds the right candidate
with a multiplexer and finishes the Pi+1 calculation. Similarly,
the results of Riisi in (5) is also generated by a CGU and
shared by all the 2K CPEs. With the proposed candidate-
sharing technology, considerable hardware resources are saved.
In addition, taking the property that s is taken from a known
finite constellation, the computation of Rs can be pushed back
to the preprocessing stage, which is performed significantly less
often and hence can further reduce the power. The architecture
of the resulted PCU is shown in Fig. 3.

2) Two-Stage Sorter: In K-Best detector, sort plays a critical
role in throughput and area/power efficiency. A distributed
sorter (DS) [6], which divides the elements to be sorted into a
number of groups and then sorts each group separately by local
sorters, has been developed to reduce the sorting complexity
and latency. However, it is an approximate sorter, and error
happens when the elements to be sorted are unevenly distrib-
uted. To exploit the benefits of the DS while preventing its
deficiencies and to support different modulation configurations,
we use a two-stage sorter as shown in Fig. 4.

The first stage consists of a 2K-size folded bubble sorter
(BS) and a data buffer. Exploiting the folded architecture of

Fig. 4. Block diagram of the two-stage sorter.

Fig. 5. Die micrograph.

TABLE III
AREA PARTITION BY FUNCTION BLOCK

Fig. 6. Measurement of the core power dissipation and the maximum through-
put versus supply voltage.

the CPE, the BS also reuses the hardware iteratively with a
same folding factor (Nm) as that of the CPE. Selecting K
temporary winners from the outputs of the CPEs per iteration,
the BS generates a total of Nm sets of K survivors. The data
buffer stores these survivors and sends them to the second stage
each Nm cycles. The outputs of the BS are partially sorted
in two dimensions. The BS sorts the PEDs within a set in
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TABLE IV
COMPARISON OF THIS CHIP TO PREVIOUS MIMO DETECTOR

one dimension. The average PED values among sets are sorted
in their ascending orders due to the zigzag enumeration. The
folded BS offers two advantages: 1) By eliminating the nodes
with PEDs larger than the Kth best at each iteration, the BS
greatly reduces the number of elements to be sorted in the
second stage. 2) The partially sorted output of the BS further
simplifies the task of the second stage from sorting random data
to merging ordered lists. In the second stage, a DS is used to
choose the final K best results among the temporary winners
generated by the first stage. To tackle the uneven distribution
problem, an interleave-and-group block (IGB) is used. Taking
the second advantage of the BS, the IGB evens the PED value
among groups in a way that the smaller (larger) PEDs in the
former outputted sets are grouped with the larger (smaller)
PEDs in the later sets.

The two-stage sorter can support different modulation orders.
For QPSK, the 2K-size BS is sufficient to carry out strict
sorting; thus, the second stage can be simply bypassed. The
only difference in sorting 16-QAM and 64-QAM signals is
the number of PEDs to be sorted in each group of the DS.
Thus, by adjusting the number of active comparators in the local
sorter, the two-stage sorter can be configured to 16-QAM and
64-QAM modes.

V. CHIP IMPLEMENTATION AND COMPARISON

The previously presented configurable early-pruned K-Best
MIMO detector has been fabricated in a 0.13-μm 1P8M CMOS
technology. Fig. 5 shows the chip micrograph. The chip is
2.5 mm × 3.8 mm silicon with a core area of 3.9 mm2. The
total area can be partitioned by function blocks, as shown in
Table III. Fig. 6 shows the maximum throughput and core
power consumptions (measured by probing the core current)
with different supply voltages. At the normal 1.2-V core power
supply, the detector can work at 137.5-MHz clock rate to sup-
port a 1.1-Gb/s throughput. The measured energy consumption
is 115 pJ/bit. The detector achieves a peak detection throughput
of 1.2 Gb/s at a 1.4-V voltage supply while consuming a core po-
wer of 185 mW. The detection throughput in Fig. 6 is given by

Throughput = fc × log2 Ω × 2N

Nm
(8)

where Ω is the real constellation size, N is the antenna size, fc

is the clock frequency, and Nm is the folding factor.
Table IV summarizes the major characteristics of this chip

and presents a comparison with other reported MIMO detec-
tors. In terms of detection throughput, our design is outstanding,
compared with other detectors, and it is for the first time to
achieve a beyond-gigabit-per-second throughput. This detector

also achieves the lowest energy consumption, which is 40%
less than the best previous result [7]. The hardware cost of our
implementation is larger than previous 4 × 4 64-QAM detectors
in [7] and [8], which is reasonable, considering the fact that
this chip has high configurability and the highest detection
throughput.

VI. CONCLUSION

This brief has presented the design of a MIMO detector
chip. At the algorithm level, the proposed early-pruned K-Best
detection reduces the complexity significantly and remains a
close-to-ML performance. At the architecture level, a PMF
architecture has been proposed for high-throughput and flexible
configurability. Candidate-shared PCU and two-stage sorter are
developed to further reduce the hardware silicon cost. Measure-
ment results have shown that the proposed detector outperforms
all the other reported chips in terms of throughput and energy
consumption.
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