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Abstract— MIMO wireless technology is required to increase the
data rates for a broad range of applications, including low cost
mobile devices. In this paper we present a very low area
reconfigurable MIMO detector which achieves a high throughput
of 103Mbps and uses 27 Kilo Gates when implemented in a
commercial 180nm CMOS process. The low area is achieved by
the proposed in-place architecture. This architecture implements
the K-best algorithm and reduces area 4-fold compared to the
widely used multi-stage architecture, while provides
reconfigurability in terms of antenna configuration during real-
time operation.

I. INTRODUCTION

MIMO has recently garnered interest because it
significantly increases data throughput without utilizing
additional bandwidth or transmitting power. Novel wireless
communication standards such as IEEE 802.11n (WiFi) and
IEEE 802.16m (WiMAX) use MIMO to raise the data rate to
hundreds of mega bits per second (Mbps). Sphere decoders
(SD) are based on tree search and are very popular because of
their near ML performance and relatively lower complexity
when implement MIMO detectors. There are three main
categories of SDs: depth first (DF) [1], FSD (fixed throughput
SD) [2] and K-best (breadth-first) [3].

The K-best designs in the literature have considered just
one type of antenna structure, mainly 4x4, while the standards
use a variable number of antennas at both transmitter and
receiver during run-time. Also, the demand for higher data rate
systems is increasingly requiring a larger number of antennas.
The conventional architecture for the K-best algorithm is the
multi-stage architecture and results in huge area consumption
for a large number of antennas or constellation sizes.
Furthermore,  this  architecture = does not  provide
reconfigurability for different antenna configurations.

We have designed the in-place architecture that uses the
regularity of the K-best algorithm and reduces area 4-fold
compared to the multi-stage architecture as well as provides the
flexibility to operate with different antenna numbers. We have
designed this architecture for the 802.11n standard that
supports antenna configurations up to 4x4. Also, we reduced
the area of the system by 55% by using the minimum mean
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squared error—sorted QR decomposition (MMSE-SQRD)
technique in the pre-processing unit. This algorithm improves
the BER performance by considering the noise level in the QR
decomposition process.

II.  SOFT-OUTPUT K-BEST SPHERE DECODER

The potential performance of the MIMO technology is not
fully delivered with hard-output detectors; soft-output detectors
are needed to obtain the maximum performance efficiency. The
MIMO detector includes three units: The pre-processing unit
provides the decomposed matrixes Q and R for the sphere
decoder. The sphere decoder generates the candidate list for the
LLR computation unit and this LLR computation unit provides
the soft-information for the channel decoder.

A.  Soft-Output Detection

Consider a MIMO system with M transmit and N receive
antennas. The coded bit streams are modulated using a
complex constellation O each point represented by M, bits.

The modulated streams, S, are transmitted from the M
antennas. The received signal at the baseband receiver is:

y=Hs+n (1)

where H is the NxM channel matrix and n is N dimensional
i.i.d. Gaussian noise. A new vector set, X, which is the bit-level
representation of the vector y can be defined
a8 X =[Xy,X,5er X pipre] - The soft-output detector produces

reliable information for each of the M. M, coded bits in X by
calculating the extrinsic Log-Likelihood ratio (LLR) values.
With the Max-log approximation, the LLR-value for a non-
iterative decoding system denoted as L(.) becomes:
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where X and X ;1 represent two vectors from set X which

have the jth bit equal to +1 and -1 respectively. The L-values in
(2) need to be calculated for all bits in the received signal. One
of the two terms in (2) is always the ML solution, which is also
the solution to the hard-output detectors. The other term is
created by a vector which its jzh bit is the inverse of the ML



solution bit, se X ;{"’L , the counter hypothesis vector. The

LLR-values can be calculated from a sorted candidate list
which includes the ML solution as well as candidates with
small metrics. For more information regarding tree search we
refer the readers to [5].

B.  K-best Sphere Decoder

The K-best algorithm is a breadth-first SD search that
expands only the K nodes (parents) that have the smallest
PEDs instead of expanding all of the nodes in each layer of the
tree. The number of PEDs in each layer after expansion will be
K.Q, where Q is the number of constellation points. Only K
smaller PEDs will survive after sorting. The node with the
smallest PED in the last stage of the tree is most probably the
ML solution. K-best SD has a fixed throughput and is simple to
implement. K-best algorithm has the advantage that it can
naturally generate the sorted candidate list. The last K survivors
in the last stage of the tree generate a sorted candidate list.
These candidates are used to compute the LLRs required for
the soft-output detection. The performance of the system is
highly dependent to the K parameter and the pre-processing
techniques.

III. PRE-PROCESSING TECHNIQUES

The performance of the MIMO detector is highly dependent
to the pre-processing unit where QR-decomposition takes
place. Beside the SQRD (sorted QR decomposition) and RVD
(real-value decomposition) there is another technique which
can improve the performance. The majority of SDs [4]-[9] have
used the popular Zero-Force QR decomposition. An extension
to ZF-SQRD, MMSE-SQRD effectively improves the BER of
the system compared to the ZF-SQRD.

A. MMSE-SORD

Successive Interference Cancellation (SIC) is the base of
BLAST detectors. SIC happens layer by layer so that after
detecting a layer, the interference of the given layer is removed
from all other layers before detecting the next layer. This
technique needs QR decomposition to be able to detect the
signals layer by layer. An extension to the ZF-QRD, MMSE-
QRD was applied to V-BLAST receivers [11]. The difference
between ZF-QRD and MMSE-QRD is that MMSE-QRD
considers the received signal noise level in the calculations.
Instead of the channel matrix # , a new channel matrix
H=[H;o0,I, ] needs to be used. This matrix decomposes

L H | _ 191,03
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Multiplying both sides of (1) gives:
y=0"y =R +0/'n-0,0)s )

As shown in (4), the noise effect in the received signal is
weakened. We have used MMSE-QRD in the K-best algorithm
to improve the performance of the detection. The simulation
results are shown in the next subsection.

into:

B. Simulation Results

We simulated our detector in a MIMO-OFDM system with
a 4x4 antenna structure and 16-QAM modulation. The OFDM
frames include 64 subcarriers each. The code rate is 0.5 and a
constraint length equal to seven is chosen for the convolutional
encoder. The target BER for a coded MIMO system is 10, At
this BER our K-best detector with K = 5 using MMSE-SQRD
technique achieves a better SNR gain than the K-best detectors
using ZF-SQRD technique with K = 13 as shown in Fig. 1. The
implementation results of the MIMO detector using K = 5 and
13 show that MMSE-SQRD reduces the area of the detector by
55% compared to the ZF-SQRD for the same data rate.

Although the new augmented channel matrix H adds about
50% more complexity to the decomposition process compared
to the channel matrix H, but the channel decomposition rate is
so much lower than the MIMO detection process. It states that
the additional complexity in the channel processing unit is
negligible compared to the complexity reduction in the sphere
decoder.

IV. MULTI-STAGE ARCHITECTURE

All K-best SD designers have used the popular multi-stage
architecture for the K-best algorithm. The multi-stage
architecture is shown in Fig. 2-a. In this architecture, two
Processing Elements (PE) are used for each stage of the tree.
All of the 8 PEs are connected sequentially (in a 4x4 system,
RVD results in 8 stages). The significant difference in K-best
designs is the sort algorithm. In [3] the bubble sort is used. The
authors in [4] exploited the one-cycle merge algorithm. In [5]
parallel merge algorithm, in [6] the relaxed distributed sort
strategy and in [7] the winner path extension technique which
is another sort strategy is used. Although these works include
slightly modification to the K-best algorithm, the architecture
remained unchanged.

The multi-stage architecture has three drawbacks: first, the
architecture is not flexible enough to work with a variable
number of antennas. Second, the area increases proportionally
with the antenna sizes and results in huge area for large antenna
sizes such as 12x12. The last problem is the large area
consumption for large constellation sizes like 64-QAM. For
example, the 4x4 64-QAM detector using multi-stage
architecture consumes a few million gates [6].

V. IN-PLACE ARCHITECTURE

A. Architecture

One particular benefit of the K-best algorithm is its
regularity which has not been exploited efficiently yet. It is
possible to implement the algorithm by using one core within
a loop and reuse the core in consecutive cycles. The new
architecture called “in-place” is shown in Fig. 2-b and its
circuitry is shown in Fig. 4. The advantages of this
architecture are: flexibility to work with variable number of
antennas, significant reduction in area, and providing the basic
core for multi-core architectures. This architecture is also a
good candidate for large constellation sizes like 64-QAM
because it reduces area effectively.
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Figure 1. BER comparison for different algorithms.

B. Reconfigurability

One of the characteristics of the emerging wireless
standards is the switching between different numbers of
transmitter and receiver antennas. To address this feature, we
used multiplexers and enabled flip-flops along with pre-
defined controlling signals stored in the controller to organize
the data flow for reconfigurability. Although this work is
designed for the 802.11n standard which covers antenna
configurations from 2x2 to 4x4, it can support larger numbers
of antennas such as 12x12.

C. Multi-Core Architecture

The current design projects are defined based on a very
small number of antennas while large MIMO systems with
larger number of transmit and receive antennas will be of
immense interest because of the very high spectral efficiencies
possible in such systems. The multi-stage decoder results in a
huge area for the large antenna structures because two PEs are
needed for each antenna. The detection process for a large
number of antennas will be more efficient by parallelizing in-
place cores. The in-place architecture has two advantages for
multi-core design: It has a small area and makes it easy for the
multi-core design. Also each core works independently on
separate OFDM subcarriers without performance degradation.
Figure 3 shows the multi-core overhead in gray.

The multi-core architecture in [9] uses the depth-first
algorithm. This work uses 16 cores and divides the tree to sub-
trees and assigns each sub-tree to one core. In the depth-first
algorithm the process of each node is highly correlated to the
previous layers. In this algorithm, using multiple cores
working independently on different sub-trees eliminates the
correlation and reduces the BER performance, while in our
architecture there is no BER performance degradation.

D. Area Reduction

Synthesis results in a commercial 180nm CMOS process show
that the in-place architecture provides the throughput of
103Mbps consuming 27Kilo gates (KG) which is about half of
the area reported by the smallest sphere decoder in the
literature [1] and 75% smaller than a regular K-best design
which consumes about 110KG.
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Figure 3. Multi-core structure.

Also in-place architecture adds flexibility when used to
implement the multi-core architecture in smaller technologies.
For example in 180nm technology process, four in-place cores
working in parallel and independently on separate subcarriers
of the OFDM frame provide the data rate of 360Mbps which is
the maximum throughput required by the 4x4 16-QAM
configuration of IEEE 802.11n standard. While in 65nm
technology, two cores are enough to provide the throughput.
Therefore, the implemented multi-core in-place architecture
for the 802.11n standard saves up to 51% of area compared to
the multi-stage architecture, in 65nm technology.

VI. IN-PLACE ARCHITECTURE REALIZATION

There are three processes which happen in all layers of the
tree search: calculation of PEDs, finding the K smallest PEDs
and removing the interference of the current layer from the
next layers, as shown in Fig. 4. Another process is performed
just once, which calculates the LLRs after finding the
candidate list. In the proposed architecture there are four units
that implement these functions. The metric computation unit
(MCU) calculates the PEDs of each parent. By using real
value decomposition (RVD) in the pre-processing unit, the
number of stages in the tree will be doubled, and the search
process will happen in one dimensional real plain instead of
two dimensional complex plain. Therefore, instead of sixteen
children (16-QAM) for each parent, four PEDs are generated.

The sort unit finds the K smallest PEDs out of K\/a PEDs.

We replaced the computation expensive sort operation by the
merge operation using a circuit level modification: we pre-
sorted the PEDs of the parent in MCU in order to be able to
use the merge unit. The odd-even merge algorithm is chosen
for the merge unit, because of the balanced delay-complexity
tradeoff the algorithm provides for hardware implementation.



TABLE 1. IMPLEMENTATION RESULTS FOR 4*4 16-QAM MIMO DETECTORS.
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throughput of 103Mbps in 180nm CMOS technology.
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Figure 4. The simplified circuit diagram of the in-place architecture.

Odd-even merge unit provides a smaller area than PMA
introduced in [5] and a higher throughput circuit than one-
cycle merge introduced in [4]. Increment calculator unit (ICU)
removes the interference of the current layer from next layers.
Shift registers are used to transfer the computed data from ICU
to the next level of the tree. The last unit is the LLR calculator
that computes the LLR values for the channel decoder.

VII. IMPLEMENTATION RESULTS

To evaluate the silicon complexity of the circuit accurately,
we implemented the soft-output 16-QAM MIMO detector
which supports antenna configurations up to 4x4, using a
commercial 180nm CMOS technology. The results are
generated by the placed and routed simulations including
parasitics using Synopsys Design Compiler and Encounter. By
using the in-place architecture along with the MMSE-SQRD
technique we designed a reconfigurable detector which has the
smallest area compared to the other SDs in the literature as
shown in Table I.

The measured area as the total equivalent NAND gates is
23Kilo gates (KG) for the sphere decoder and 4KG for the
memory required storing the channel coefficients and the
vector y . To have a better comparison we have scaled the

throughput of different designs to 180nm technology. This
evaluates the design better in terms of throughput. As the table
shows, our design outperforms the other designs in area while
provide a high data rate.
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