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    Abstract—– MIMO is a key technology for future high 

speed wireless communication applications. Present 

MIMO systems are constrained by the lack of efficient 

detection algorithms/hardware architectures. In this paper 

we present a novel algorithm/architecture which takes a 

hybrid approach toward MIMO detection in the sense that 

it simultaneously searches along the depth and breadth of 

the tree. We have implemented our architecture using an 

ASIC design flow in a 100nm process technology. Our 

implementation results are compared with fully serial, 

fully parallel, and sequential architectures. We refer to the 

proposed algorithm as Staggered Sphere Decoding with 

Ordering (SSDO). SSDO is an excellent match for high 

throughput MIMO-OFDM systems like 802.11n etc. ASIC 

estimates (using a 100nm technology) indicate that SSDO 

achieves a guaranteed minimum throughput of 287 Mbps, 

with an area utilization of 2070 µm
2
. Our approach 

achieves significantly higher throughput than the serial 

and sequential approaches, and half the throughput of the 

parallel approach (using a fifth of its area). The 

throughput per unit power and throughput per unit area 

are significantly improved over the parallel, serial and 

sequential approaches. 

Index Terms— MIMO systems, K-best algorithm, 

Implementation/Time complexity, Hybrid architecture. 

I. INTRODUCTION AND PREVIOUS WORK 

Recently, multiple input-multiple output (MIMO) wireless 

systems have received a great deal of attention in the wireless 

communication community, due to their ability to deliver very 

high data rates without any overhead in terms of bandwidth or 

transmitter power as compared to single input single output 

(SISO) wireless system. MIMO systems, however, pose a 

major problem as far as implementation complexity is 

concerned.  One of the major challenges in implementing a 

MIMO based system is the high complexity of the detection 

algorithm at the receiver. Among the earliest algorithms used 

for signal detection for un-coded MIMO was VBLAST [1]. 

Although computationally efficient, VBLAST suffers from a 

substantial degradation of Bit Error Rate (BER) performance.  

A family of algorithms under active consideration relies on a 

tree based search. Two of the most notable approaches in this 

family are the Sphere Decoding (SD) algorithm [2], which is a 

Depth First Search (DFS) based algorithm, and the K-best 

algorithm which is a Breadth First Search (BFS) based 

algorithm [6]. Authors in [5] provide two ASIC 

implementations of the SD algorithm. Implementation of K-

best algorithm has been reported in [7]. The SD 

implementation in [5] takes a sequential approach, whereas in 

[6-7] the authors take a highly parallel approach to MIMO 

decoding. Both approaches have their merits and demerits. For 

instance, being serial in nature the implementation of the SD 

algorithm requires smaller silicon area than the K-best 

algorithm, but has a highly variable throughput. Hence, it is 

difficult to integrate it into the overall communication system. 

On the other hand, the K-best algorithm provides a fixed 

(lower) throughput while utilizing a much higher silicon area 

due to extensive sorting operations [7]. In general, the tree 

based algorithms offer a good trade-off between performance 

and complexity [8].  

Recently a very low complexity algorithm has been reported 

in [9]. This algorithm, called the Fixed-Throughput Sphere 

Decoder (FSD), relies on a special ordering (FSD ordering) of 

the columns of the channel matrix, which results in a 

significantly reduced search space. The resulting 

implementation has a very simple data path.  The authors in 

[9] have proposed a fully parallel architecture (BFS based) to 

implement the algorithm, which provides very high and fixed 

throughput. However a fully parallel approach consumes large 

area and incurs many redundant computations. A sequential 

architecture [10], in conjunction with radius reduction 

technique reduces redundant computations and consumes less 

silicon real estate, but has lower throughput than the parallel 

scheme. In contrast, our solution requires significantly lower 

power and area than the parallel architecture. It also achieves 

much higher throughput than the fully serial and the sequential 

architecture by using a novel architecture that performs depth 

and breadth search simultaneously. 

The key contributions of this work are:  A novel MIMO 

decoding algorithm and its associated hardware architecture. 

This algorithm leads to faster tree pruning, and hence a higher 

throughput. Also, the runtime variability of the algorithm is 

much less than the sequential and fully serial architectures.  

We compare the fully parallel, fully serial, and sequential [10] 

architectures with the new proposed approach, based on an 

ASIC implementation of each. The results indicate that our 

approach achieves the best performance in terms of 

throughput per unit power and throughput per area. 

This paper is organized as follows. In Section II, we briefly 

describe the channel model and review some of the existing 

detection algorithms. In this section, we also describe the 

enumeration scheme that we employ in our implementations.  

In Section III, we describe the proposed architecture along 

with the fully parallel, fully serial, and sequential 

architectures. In Section IV, we provide the detailed 

implementation of the proposed architecture, while briefly 

describing the other architectures. In Section V, the 

implementation results of our approach is compared with that 

of the fully parallel, sequential, and fully serial architectures. 

We conclude in section VI. 

II. MIMO DETECTION 

A. Channel model: 

The baseband system model for a MIMO system with MT 

transmit and MR receive antennas can be expressed as follows 

[3].   

                        y=Hs+n                          (1) 

where s is MT×1 transmitted vector or vector symbol, n is 

MR×1 zero mean complex Gaussian noise vector, and H is 

MRxMT – dimensional complex matrix. The (i,j)
 th

 element, hij, 

of the matrix H denotes the complex channel gain from the j
th

 

transmit antenna to the  i
th

 receive antenna. In this paper we 

will assume MT= MR=4, unless specified otherwise. 

B. Sphere decoding. 

The objective of the MIMO detection algorithm is to compute 

an estimate ŝ  of s such that:  
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where Ω is set of complex entries from the QAM constellation 

and Q is the cardinality of the set Ω. A straightforward 

approach to solving (2) is an exhaustive search over all 

possible candidate vector symbols TM
Ω∈s . However, since 

the number of possible solutions grows exponentially with MT, 

the implementation of an exhaustive search becomes 

impractical as MT increases. For example, in case of a 4x4 

MIMO system with 16-QAM modulation an exhaustive search 

would require the evaluation of 65536 candidate vector 

symbols.  

One way to circumvent the exhaustive search is to evaluate 

only a small subset of all the possible vectors. Notice that H 

can be triangularized using QR factorization: H=QR. Hence, 

the cost function given by (2) can be rewritten as equation (3) 

[3], 
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Where, R is an upper triangular matrix, and Q
H
 is the 

Hermitian of a unitary matrix Q [3]. Vector ŷ  as defined by 

(3) is the unconstrained zero forcing solution. The fact that R 

is upper-triangular ensures that each term in the summation 

depends only on the current level decision, as well as the 

history of the path to reach that level in the tree.  

 Equation (3) can now be rewritten to form summation across 

each transmit antenna. 

                       
2

)()1(

1

)(
)()()(

i

i

i

i

i

i
edd sss += +

+                         (4) 

                   
2

)1(
1

2
)( .)()( iii

i
i

i
i sRce −= +

+ ss                         (5) 

                  ∑
+=

+
+ −=

TM

ij

jiji
i

i sRyc

1

)1(
1 .ˆ)(s                                     (6) 

The quantity di(s
(i)

) is called the cumulative metric. The 

quantity |ei(s
(i)

)|
2 

is called the incremental metric. The vector 
T

Mii
i

T
sss ],...,,[ 1

)(
+=s  in Equations (4)-(6) denotes a partial 

vector symbol candidate. Term  di(s
(i)

)  for i>1will be called 

Partial Distance (PD), and Distance (D) for i=1. Because the 

PD’s depend only on s
(i+1)

 ,they can be associated with 

corresponding nodes in a Q-ary tree with MT levels. 

Alternatively, the computation of the terms di(s
(i)

)  can be 

interpreted  as a traversal of the tree from the root to the leaf 

corresponding to s. Note that i=1 corresponds to leaf nodes. 

The estimate ŝ  can now be obtained by searching the leaf with 

smallest D and returning the path from the top level (i=MT) to 

that leaf as ŝ . The PD’s and D’s in (4) are equivalently 

referred to as the node’s metric in the sequel. For a 4x4 MIMO 

system with 16-QAM modulation the total number of nodes in 

the tree would be 16+16
2
+16

3
+16

4
=69904, a very large search 

space. To reduce the search space aggressive pruning of the 

tree is needed. Sphere decoding does this by pruning a branch 

of the tree whenever the PD of a node on the branch exceeds a 

certain limit (radius r). Appropriately setting the radius r 

restricts the number of nodes visited in the search, since di(s
(i)

)  

in (4) is monotonically increasing. Hence any node that has a 

PD more than r need not be considered any further. This is 

called the Sphere Criterion or SC [5]. This effectively prunes 

the whole sub-tree rooted at that node, thus greatly reducing 

the search space.  Fixing the value of r is in general difficult. 

If r is too small then we may have to restart the decoder as no 

point ŝ  may be found. Similarly if r is too large the decoder 

may visit a very large number of nodes leading to excessive 

latency. To counter this problem a scheme known as radius 

reduction [3] is used, wherein the initial value of r is set to 

infinity, and is updated whenever the D of a newly evaluated 

leaf is less than the current value of the radius.  This scheme 

works best if the nodes are processed in an ascending order of 

their PD’s (i.e. the most promising candidates are processed 

first).This scheme is called Schnorr-Euchner (SE) ordering 

[5]. We will omit further details for the sake of brevity. For 

more details on the sphere decoder refer to [5] and references 

therein. 

III. ARCHITECTURE   DEVELOPMENT 

In this section we begin by reviewing the FSD algorithm, and 

then we discuss the sequential, fully serial, and parallel 

architectures to implement the same. Finally, we propose a 

new architecture called Staggered Sphere Decoding with FSD 

ordering (SSDO).  
A. Review of the FSD Algorithm. 

The FSD algorithm is essentially based on reordering the 

columns of the H matrix such that the tree search is simplified 

[8]. Basically, all the nodes at the top level (all children of root 

node) are evaluated, but from then onwards only the best child 

(child with least PD/D) is considered. For a 4x4 system with 

16 QAM, this entails computing PD’s/D’s for a maximum of 

16x4=64 nodes, significantly reducing the search space.  

Figure 3.1 shows the tree traversal for FSD (thick lines) for 

the case of 3x3 with 4 QAM modulation. Each circle 

represents a computation of the equations from (4)-(6). 
B. Parallel, Sequential and Fully Serial Architectures 

In this section we describe different architectures with that can 

be used to implement a sphere decoder using FSD ordering. In 

Fig. 3.2 we show the serial, sequential [10] and fully parallel 

[9] architectural dataflow. The numbers next to nodes 

indicates the clock cycle in which the node was evaluated.  

The sequential architecture consists of two units. The first unit 

is capable of computing the top level (i=4) PD’s in ascending 

order and perform radius check. The second unit concurrently 

computes PD’s/D’s for i=1,2,3 (second unit is idle for the first 

clock cycle) and performs radius check. PD’s/D’s are 

computed using a Metric Computation Unit (MCU). The 

sequential architecture makes use of the radius reduction 

scheme. The nodes labeled 4,7,…can potentially update the 

radius value. Note that in sequential scheme the radius update 

may happen every 3 cycles (after first 4 cycles).  The major 

drawback of this scheme is that it provides highly variable  

throughput. The latency for detecting one vector symbol is 

dependant on the channel conditions and noise level. 

In parallel architecture, all the 16 nodes at every level are 

evaluated in parallel using 16 units. Each unit is capable of 

computing PD’s/D’s, but does not perform a radius check. 

After reaching level i=1, a compare/select logic picks the path 

with least D, and declares it as ŝ . This scheme has a fixed 

throughput because it takes 4 cycles to compute the estimate ŝ  
irrespective of channel conditions and noise level. The parallel  

architecture does not do any radius update, however, it incurs 

redundant computations. In fully serial architecture exactly 

one node is evaluated in one clock cycle. The difference 

between sequential and serial approach lies in the fact that in 

sequential approach there is one dedicated unit to operate at 



i=4, whereas, in fully serial same unit is shared to compute top 

level PD’s (i=4) and  the nodes at levels i=1,2,3. This 

difference can be clearly seen in Fig. 3.2 and 3.3. A unit in this  

scheme too computes PD’s/EDs and performs radius check. 

Note that the labeling in case of serial starts with 5, this is 

because the first 4 cycles are spent in computing the metric 

frontier. 
C. Metric Computation Unit (MCU) 

 At each level of the tree we need to compute the di(s
(i)

) 
metrics using equations (4)-(6). For i=4,3,2,1, the equations 

(4)-(6) can be expanded as follows: 
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Notice that the number of computations required in (7)-(10) is 

dependant on the level i of the tree. The largest number of 

computations are required at i=1 i.e. at the leaf nodes  

(equation (10)).  Fig. 3.3 shows an MCU which can handle 

computations at i=1. Note that for, the parallel, fully serial, 

and sequential architectures the same MCU must be capable of 

computing metrics at different values of i. This can be 

achieved by reconfiguring the MCU to perform the 

computations of equations (9),(8) and (7). For the sequential 

architecture, however, the MCU has to be reconfigured 

between levels i=1,2,3 only, since at the i=1 level we have a 

dedicated unit to compute PD’s.  

 
Fig. 3.3   Architecture for MCU1 

It is clear from equations (7)-(10), that the reconfiguration can 

be carried out simply by input reassignment and by setting 

some of the operands to zero. In the sequel we will refer to  

MCU configured for a level i as MCUi. Note that physically 

the MCU is the same; it is merely reconfigured to operate at 

different levels i.  Also note that when the MCU is configured 

to evaluate nodes at level i>1 many adders remain idle during 

the computation. 

The terms in equations (7)-(10) involving multiplications of 

the form Rij.si can be computed using shift and add operation. 

This is possible because the real and imaginary parts of si can 

only take values {-3,-1, 1, 3}.  

D. Discussion 

Both sequential and parallel architectures have their 

advantages and disadvantages. Parallel architecture provides a 

very high and fixed throughput, since only 4 clock cycles are 

needed to compute the ML solution. The price to pay for this 

is a high silicon area since 16 MCU’s have to be implemented. 

However, the parallel architecture does not take advantage of 

radius reduction technique, which leads to redundant 

computations and hence more power consumption. 

The sequential architecture on the other hand consumes much 

less area (since only 2 MCU’s are utilized), but has lower and 

variable throughput. The variable throughput is a major 

problem as far as practical systems are concerned.  To 

alleviate this problem, the authors of [8] have proposed a 

scheme called Block Early Termination or BET.  Using this 

scheme, a runtime constraint is established for a block of 

vector symbols. The runtime is decided by dynamically 

allocating a limited number of cycles to processing a vector 

symbol.  A scheduling algorithm is used to distribute the 

available run time over the vector symbols in the block. The 

strategy allocates a maximum runtime equivalent of clkmax(n) 

to the n
th

 vector symbol in a block according to 
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where clk(i)  denotes the actual number of clock cycles used 

up for the i
th

 vector symbol. The idea behind Equation (10) is 

that a vector symbol is allowed to use up all of the remaining 

run time within the block up to a safety margin of (Nmax−n)MT 

visited  nodes, which allows to find at least the zero-forcing 

decision feedback solution for the remaining vector symbols 

[8] 
E. Our Approach: Staggered Decoding Architecture. 

In this section we will develop the motivation for designing an 

architecture based on the discussion in earlier sections. 

Runtime variability: The fully serial scheme suffers from 

high variability, this is because potentially a new value of 

radius is obtained every 4 clock cycles (see Fig. 3.2). This 

problem also exists in the sequential architecture, albeit it is 

slightly less pronounced. This is because in the case of a 

sequential architecture a new leaf is potentially reached every 

3 clock cycles. The fully parallel architecture does not suffer 

from this problem as it does not follow the radius reduction 

scheme. 

Redundant computations: The fully parallel architecture 

often computes metrics for unnecessary nodes as well, since 

the tree is not pruned by the radius checks during the 

computation. 

Hardware usage: Since the MCU’s, for the serial, sequential 

and parallel architectures need to be reconfigured for each 

level; some of the computation units are idle during many 

cycles. 

 The above mentioned issues can be alleviated to a great extent 

by using the architectural dataflow shown in Fig. 3.4. The 

proposed algorithm/architecture is based on the FSD ordering 

and has a schedule that is staggered in time. One copy of 

MCU is deployed at each level. The staggered computation is 

explained as follows. In the first cycle a node is evaluated at 

level 4 (labeled 1 in the Fig.3.4). In second cycle a node at 

level 4 and level 3 are evaluated (labeled 2 in the Fig. 3.4). 

From the 4
th

 cycle onwards one node (subject to SC) from 

each level is evaluated (resulting in a potential radius update at 

every cycle). The proposed approach is a hybrid solution 

between the fully serial and the fully parallel architecture, in 

that it initiates a new breadth and depth search every cycle 

(Fig. 3.4). It does not deliver a fixed throughput in contrast to 

the fully parallel implementation of the FSD algorithm, but 

      s4.R14       s3.R13       s2.R12 

      s1.R11 

Add 

Quantize/Compute s1 

Norm  

c3 

Add 

d2(s
(2)) 

d1(s
(1)) 

Shift/Add 

s1 

R11 

Shift/Add Shift/Add Shift/Add 

Y4 

R12 s3 s4 R13 s2 R14 



has variability which is much less than serial and sequential 

architecture due to per cycle radius update. Notice that in the 

staggered architecture the MCU’s are “custom” made for each 

level, and do not have to be reconfigured, leading to improved 

hardware usage. The staggered decoding scheme follows the 

radius reduction technique with pruning, thus reducing 

redundant computations in comparison to the parallel 

architecture. 

 
Fig.3.4 Staggered Decoding Flow 

The initial value of radius is set to ∞, whenever a leaf node 

with a metric less than current value of radius is encountered 

the radius value is updated with the metric of that leaf node.   

Also, after the first four cycles, potentially a new leaf node is 

reached which leads to faster radius reduction. This results in 

reduced variability of runtime. 
F. Enumeration Strategies 

To process the children nodes of a node in ascending order of 

their PD’s, the distances of ci+1 from the scaled (by Rii ) QAM 

points need to be ordered (see equation (4)-(5)). A 

straightforward way to do this is to directly compute all 

distances and sort them. However, this approach is not 

efficient as only one node from the top level is needed at a 

time. 

A more efficient way to achieve this is through direct 

enumeration of QAM symbols based on the location of ci+1 in 

the constellation. Many enumeration techniques exist in 

literature. In [3] the author proposes a method based on 

dividing the constellation into concentric circles [3,5]. 

Recently a new technique has been proposed in [11,10]. The 

basic idea is to divide the constellation (Fig.3.6) in a number 

of columns (four in case of 16-QAM). The order of points in 

these columns is already known given the location of ci+1. For 

the example shown in the Fig. 3.5, the order is shown on the 

left hand side of the constellation diagram. This order is 

identical for every column. Also notice that only one element 

in SF and MF will change at a time.  For instance, in Fig. 3.5 

the SF at time t=1 is {2, 6, 10, 14}. Since the minimum 

distance symbol is ‘10’, the SF is updated at t=2 to {2, 6, 9, 

14}.The set of best QAM symbols (or simply symbol) from 

every column will be called a Symbol Frontier or SF. The SF 

can at most have 4 elements in it. Using symbols in the SF 

their PD’s can be computed using Equations (4)-(6). The set of 

PD’s of the elements in the SF will be called Metric Frontier 

or MF.  The best symbol (closest to ci+1) out of all 16 symbols 

can now be found by picking the symbol associated with the 

minimum element in the MF. Note that the SF and hence MF 

keep changing with time. Note that only the location of the 

imaginary part of ci+1 is required to compute the order of 

symbols in each column.  Symmetry of the QAM constellation 

can be exploited to reduce the number of decisions we have to 

make in order to locate ci+1 in the constellation.  For instance 

if ci+1 was in the third quadrant of the constellation, we can 

ignore the signs of its real and imaginary part to get c’i+1.  The 

SF can be computed for c’i+1.  To get back the SF associated 

with the original ci+1 we simply change the signs of real and 

imaginary parts of the SF elements. This way we only need to 

compare the imaginary part of ci+1 with Rii, and 2.Rii.  Also 

note that for i=4, ci+1= 4ŷ . 

IV. IMPLEMENTATION DETAILS 

In this section we describe the detailed architecture of the 

staggered decoder. The sequential and parallel architectures 

use similar building blocks and will be described only briefly. 

Before we begin describing the details of the architecture we 

would briefly talk about the use of simplified norms. 

Simplified Norm Computation: The MCU as shown in Fig. 3.3 

has a block labeled “Norm”. The Euclidean norm or 2
l norm 

involves a squaring operation which requires multipliers. 

Multipliers are in general expensive in terms of hardware cost. 

In [5] it has been shown that the use of simplified norms leads 

to significant reduction in hardware cost with some BER 

degradation. The Euclidean norm in (3) can be replaced with 
1
l or ∞

l norm to simplify the implementation of (4)-(6).  

The 1
l  norm approximation for (4) is given by: 
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where Re{} and Im{} denotes real and imaginary parts. 

The use of 1
l  norm is of particular interest as it causes the 

BER to degrade only by about 0.4dB-0.5dB [5]. The use of 
∞

l  norm on the other hand causes about 1.4 dB loss [5]. Both 

these norms have almost the same hardware complexity [5]; 

however the algorithm takes much longer to converge when 

the 1
l  norm is used [5,8]. In the rest of this paper, we will use 

the 1
l  norm due to its better BER. 

A. High Level Architecture 

Fig. 4.1 shows high level architecture for the staggered 

decoding scheme. It has four units MCU4 through MCU1 

operating in a pipeline.  The task of MCU4 is to generate 

QAM symbols (s4) and their metric in ascending order (using 

the enumeration scheme in Fig.3.5) and to perform the radius 

check.  The outputs of MCU4 are: SC4 (a ‘1’ indicates an SC 

violation at i=4), s4 , the QAM symbol currently under 

consideration, and di(s
(4)

) , the PD associated with s4.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig.4.1 High Level Architecture for Staggered Sphere Decoding 
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MCU3, MCU2, and MCU1 differ from MCU4 in that they do 

not enumerate the QAM symbols. Instead they find the best 

child of the input node, compute the associated PD (or D), and 

perform the radius check (Note that MCU1 does not perform a 

radius check, since it is implicitly done in the “Radius update” 

block).  

B. Architecture of MCU4 

Fig. 4.2 shows the detailed structure of MCU4. As mentioned 

earlier, MCU4 outputs symbols and associated PD’s in their 

ascending order. To this end it follows the enumeration 

strategy outlined in Section III.F. Recall that knowing the 

location of ci+1 in the constellation tells us the order of the 

QAM points in each column.  Once the location of ci+1 is 

known, the SF is computed using a bank of PCk blocks 

(k=1,2,3,4). A bank of Partial Distance Units (PDUs) operates 

on the SF to compute MF. A PDU block (Fig. 4.4) computes 

the distance of ci+1 from a scaled QAM symbol. The compare 

select logic picks the best symbol based on the minimum PD.  

Fig. 4.3 shows details of the PCk block. It consists of a 

combinational logic block (F), which outputs the imaginary 

parts of the QAM symbols in signed magnitude format. It has 

four outputs of three bits each. These outputs correspond to 

the unique pattern of imaginary parts of the four symbols in a 

column depending on location of ci+1 in the constellation.  

These imaginary parts are finally concatenated with the real 

part (notice that in each column the symbols have identical 

real parts). The counter labelled cntrk, is a 3 bit counter whose 

two LSBs select the best available symbol in column k. Note 

that we need a three bit counter in order to identify the 

exhaustion of a column. Since the column has only 4 symbols 

in it, a value of 4 (counter starts from value ‘000’) indicates 

that all the symbols in that column have been exhausted. 

Hence, whenever counter value is 4 a signal fck is generated. 

This signal alerts the PDU to saturate its output. This 

essentially excludes symbols from that column from further 

consideration. 

The outputs of a PCk block (a frontier symbol from k
th

 column 

FSk and a control signal fck,) are fed to a PDU. The PDU 

computes the associated PD of the FSk.  The compare/select 

logic block along with the demultiplexer identifies which 

frontier symbol needs to be replaced.  Fig. 4.4 shows details of 

a PDU. The PDU at the top level differs with the one shown in 

Fig. 4.4 in that there is no di+1(s
(i+1)

) input, since d5(s
(5)

)=0. 

Also, for PDUs at levels i<4 there is no fck input, and no 

multiplexer M2. This difference is indicated in Figure 4.4 by 

means of the dotted lines. 
C. Architecture of MCU1, MCU2 and MCU3 

The top level architecture of MCU3 through MCU1 is shown 

in Figure 4.5. MCU3 through MCU1 differ from MCU4 in that 

they don’t have to explicitly enumerate QAM symbols in 

sorted order; all that is needed to be done by MCU3-MCU1 is 

to find the best child. Finding best child essentially means 

“quantizing” ci+1 (Fig. 3.5) to the nearest QAM symbol.  Fig. 

4.6 shows the details of the “Quantize” block. 

 
Fig. 4.5 Architecture of MCU1, MCU1, and MCU3 

Let 
iii

jy βα .+= , 
iii

bjas .+= , 
ijijij

vjuR .+= , and 

iii
zjxc .

1
+=

+
. Substituting these expressions in (6) and after 

some algebraic manipulations equation (6) can be written as: 

( )( ) ( )( )[ ]∑
−

=

++++ +−+=

iM

k

kikiikikiiii

T

bvaux

1

,, ..α     for i=1,2,3       (9) 

( )( ) ( )( )[ ]∑
−

=

++++ −+−+=

iM

k

kikiikikiiii

T

avbuz

1

,, ..β     for i=1,2,3     (10) 

Note that for i=4 iix α= , and iiy β= .   

Since ci+1 is also a complex number we need to quantize it 

along both the real and imaginary dimensions. For this 

purpose we use the X-block (for the real part) and the Z-block 

(for the imaginary part). These blocks compute xi and zi using 

(9) and (10).  Note that here we have exploited the symmetry 

of the QAM constellation.  First we find the magnitude of real 

and imaginary parts of ci+1, so that the new c’i+1=|xi|+j.|yi| is 

now in the first quadrant. Using the sign bits x
s
 and z

s 
along 

with the location of the c’i+1 we can find the location of ci+1. 

This function is carried out by F’ block which is a very simple 

combinational block which directly outputs the QAM symbol 

(indicated by ai and bi in the Fig.4.6) in signed magnitude 

format.  Fig.4.7 shows more details of the X block.  The X-

block carries out computations according to (9). Product terms 

in (9) are implemented using shift and add function (shown by 

the dotted boxes). The multi-operand additions are performed 

by an arithmetic Sum of Products (SOP) block [19]. 

The Z-block is structurally similar to the X-block with inputs 

reassigned, as can be seen from equation (10). 

Sequential architecture implementation: Recall that this 

architecture has two MCU’s. The first MCU computes the 

PD’s of children of the root node in their ascending order. The 

second MCU serially evaluates nodes at levels i=3, 2, and 1.  

Both the units are capable of carrying out a radius check. The 

MCU at the top level stops evaluating nodes whenever the SC 

is violated. The second MCU continues until all the nodes 

evaluated by the first unit are processed. Notice that the top 

level MCU is exactly same as that in the staggered 

architecture. The second MCU has to be reconfigured 

according to the level of the node it is computing. 

Fully serial architecture implementation: In this architecture 

there is only one MCU that is shared between all the levels of 

the tree.  Notice that the first four cycles are spent to compute 

the SF/MF. Hence, the first node at the top level is available 

for computation only at the 5
th

 clock cycle (see Fig. 3.2).  

Notice that in this scheme the unit has to be reconfigured for 

i=4, 3, 2, 1. 

Fully parallel architecture implementation: In this 

architecture, there are 16 MCU’s operating concurrently. 

These MCU’s evaluate all 16 nodes at a given level in a single 

cycle. In this architecture the MCU’s also have to be 

reconfigured for i=4, 3, 2, 1. The difference between the 

MCU’s in the parallel and the staggered architectures is that in 

the parallel architecture, the enumeration is not carried out. 

The quantization operation (of ci+1), however, is still needed 

for levels i=1, 2, 3 in the parallel architecture. 

V. RESULTS AND DISCUSSION  

The implementation of the above mentioned architectures was 

done using a customized Compare/Select and Comparator 

blocks and standard cell based design in 100 nm technology 

[13]. The customized Compare/Select block was simulated in 
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SPICE3 [14] to obtain its delay and power. The customized 

Comparator block is implemented as designed in [18]. Hence 

the area, delay and power of the comparator as reported in 

[18] (for a 100 nm technology) are used as such. For the 

standard cell based design, the delay was computed from a 

sensitizable timing analysis tool (Sense) [15] and the power 

was computed using a script written in the SIS [16] logic 

synthesis environment. This script computes the re-

convergence adjusted signal probability, which in turn is used 

to compute the dynamic power consumption of the design. For 

both designs, the active area was computed and used to 

estimate the area of the architectures discussed above. 

The serial, the sequential, and the staggered algorithms were 

simulated under BET scheme. For BET Nmax=16 for all the 

three algorithms, and clkave = 10, 20, 35 for the staggered, the 

sequential, and the serial algorithms respectively. These 

parameters were chosen such that the BER performance (Fig. 

5.4) for each algorithm is very close to that of the fully parallel 

algorithm (at uncoded BER of 10
-3

). Note that all the schemes 

discussed in this paper use 1
l norm, which incurs a penalty of 

about 0.4dB-0.5dB. 

Fig. 5.1 shows the runtime variability of the sequential, serial, 

and staggered algorithm as a function of Eb/No. Staggered 

algorithm clearly outperforms the sequential and the serial 

algorithms by a factor of almost 2 and 3 respectively.   

Compare/Select 

The Compare/Select block uses the Longest Prefix Matching 

(LPM) circuit designed in [17]. The logic behind the 

Compare/Select block is illustrated in Fig.5.2 with an 

example. Consider the problem of finding the maximum 

among three 4 bit operands as shown in Fig.5.2 (a).  The LPM 

looks each column of bits at a time (starting from the MSB) 

and eliminates the operand that has a ‘0’ in that column, if 

anyone of the other bits is a ‘1’. Hence in Fig.5.2 (b) operand 

‘0101’ is eliminated.  Hence, only the first two operands 

contend. Since both these operands have the same bit in 

column 2 (Fig.5.2(c)), the LPM looks for the next column. In 

column 3, the second operand has a ‘0’ and hence gets 

eliminated. Thus the LPM declares the first operand as the 

largest value. 

� 1011 � 1011 � 1011 � 1011 

� 1001 � 1001 � 1001 � 1001 

� 0101 � 0101 � 0101 � 0101 

       (a)               (b)               (c)                 (d) 
Fig.5.2 Example illustrating the Compare/Select logic 

Based on the SPICE3 [14] simulation in 100 nm technology 

[13], the Compare/Select had a pre-charge delay of 100 ps and 

an evaluation delay of 71.92 ps and 73.83 ps for the 4 and 16 

operand Compare/Select blocks.  

Sum-of-Product (SOP) 

The remainder of the design is standard cell based, 

implemented in 100 nm technology. The multi-operand 

addition is done using a Sum-of-Product (SOP) design [19]. 

The SOP is better than a tree of adders, since it has a single 

carry chain. The SOP block consists of 3 steps – Partial 

Product generation, Partial Product reduction using half and 

full adders and a single final 2 operand binary adder. The final 

adder is implemented using a fast Kogge-Stone adder [20]. 

Based on Table 5.1, we note that the Staggered approach 

achieves about half the throughput of the parallel approach, 

using about a fifth of the area of the parallel scheme. Also, the 

throughput of the Staggered approach is twice that of the 

Sequential approach and about four times that of the Serial 

approach. In terms of the power per decoded symbol vector, 

the Staggered approach consumes twice the power as 

Sequential approach and 4 times the power as Serial approach. 

If we consider the throughput of each approach per unit power 

(calculated at a SNR of 12dB), the Staggered approach is 

better than the Serial and Sequential approaches by 10% and 

better than the parallel approach by 27%. Also the Staggered 

approach has a throughput per unit area which is 2.3, 1.4 and 

1.2 times larger than the Parallel, Serial and Sequential 

approaches respectively. 

VI. CONCLUSIONS 

In this paper, we have proposed a novel algorithm/architecture 

which takes a hybrid approach toward MIMO detection. We 

have implemented our architecture using an ASIC design flow 

in a 100nm process technology. Our implementation results 

are compared with fully serial, fully parallel, and sequential 

architectures. ASIC estimates (using a 100nm technology) 

indicate that our approach achieves a guaranteed minimum 

throughput of 287 Mbps, with an area utilization of 2070 µm
2
. 

Our approach achieves significantly higher throughput than 

the serial and sequential approaches, and half the throughput 

of the parallel approach (using a fifth of its area). The 

throughput per unit power and throughput per unit area are 

also improved over the parallel, serial and sequential 

approaches. 
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Fig.3.1 Tree Structure for Spherical Search after Reordering. 

Fig. 3.2 Serial, Parallel, and Sequential Architectural Data-Flow 

 

 

 
Fig. 3.5 Enumeration Scheme for 16-QAM 
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Fig.4.2 Details of MCU4 

 
Fig. 4.3 Details of PCk  k=1,2,3,4 

 

 
Fig. 4.4 Details of the PDU 

 
Fig. 4.6 Details of Quantize Block 
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Fig. 4.7 Details of the X-block 
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Fig. 5.1 Standard deviation of runtime                     Fig 5.3 Power consumption per vector  symbol         Fig 5.4 BER as a function of Eb/No. 

 

Table 5.1 Delay and Area of various architectures 

 

Architecture fclk (MHz) Throughput (T) (Mbps) Area (µm2) T/Power (Mbps/mW) T/Area (Mbps/µm2) 

Staggered [Ours] 179.53 287.25 2069.73 150.31 0.14 

Parallel [9] 161.55 646.20 10350.88 118.29 0.06 

Serial 151.29 69.16 693.34 136.89 0.10 

Sequential [10] 179.53 143.62 1214.33 136.91 0.12 
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