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Abstract— A low-power impedance detection method using a 

hybrid transformer and its analysis are presented. A balun is 

reused for the hybrid transformer to achieve area-efficiency. The 

complex impedance detection enables faster optimization on a 

tunable matching network and its calibration technique increases 

the detection accuracy. The proposed impedance detection method 

fabricated in a 40-nm CMOS process consumes only 0.83 mW and 

demonstrates the accuracy of less than 18° and 0.1 on the Γ

detection up to |ΓAnt| of 0.5 in ISM2.4 GHz band. After single-step 

matching network tuning, PA power and RX noise figure are 

improved by up to 1.2 dB and 1.3 dB, respectively. 

Index Terms—Antenna impedance detection, impedance 

matching, tunable circuits and devices, hybrid transformer, 

electrical balancing, CMOS process.  

I. INTRODUCTION

earable/implantable devices, e.g., heart-rate-monitor

straps [1] and implanted wireless sensors, e.g., capsule 

endoscopy [2] need a fully integrated adaptive front-end with a 

tunable matching network (TMN) using low-power and fast 

impedance detection, since they consume ultra-low-power 

(ULP) and require robust and efficient operation. One of the 

most challengeable issues is the antenna proximity effect, 

which can significantly degrade the antenna and front-end 

performance and hence battery lifetime [3]. In order to reduce 

the antenna impedance mismatch caused by the proximity 

effect, adaptive TMNs [4]-[11] are required to improve the RF 

frontend performance. The impedance mismatch detection is 

crucial in such tuning systems in terms of tuning speed and 

power consumption. The adaptive TMN can be  implemented 

by directional coupler [4], [5], quarter-wave transmission line 

[6] or off-chip tuner [8] to detect the antenna impedance.

However, those approaches need external components, which

increase cost and form factor, thus are not suitable for

wearable/implantable devices. Further, all of them have also

limited detection precision, and only detect the mismatched

impedance in certain direction [5],[7] or range [8]. Yet, no on-
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chip exact impedance detection has been demonstrated. In 

addition, the external detection methods [5], [8] consume 

approximately 30mW due to the complexity of the detection 

circuits, which is not suitable for the ULP applications with 

only a sub-mW power budget for the detection circuit. A fully 

integrated antenna impedance detection has been realized with 

RF amplitude detection [9], [10]. The amplitude detection 

method can be designed in simple structure and easy to 

integrate. However, since phase information of the antenna 

impedance is not detected, a blind search is preceded to achieve 

accurate impedance detection. The blind search to find the 

phase information requires extra time-consuming optimization 

methods (i.e. exhaustive search or a successive approximation), 

which increases complexity and current consumption.  

In this work, a fully integrated low-power impedance-

detection technique is presented for low power transceiver 

front-ends [11]. In order to reduce 2nd harmonic distortion of 

the PA mode, modern transceiver front-ends [12]-[14] adopt 

balun transformer to convert differential signals to a single-

ended one. The detection technique reuses the balun 

transformer as a hybrid transformer. Therefore, the impedance-

detection technique is area-efficient without degrading 

performance. The hybrid transformer detects a “leakage signal” 

due to the impedance mismatch between the actual load 

impedance and an on-chip reference load. The proposed 

detected signal down converter extracts the I and Q information 

which gives both  amplitude and phase information of the 

antenna impedance. Additionally, the proposed impedance 

calibration technique improves a detection precision and 

enables a single-step fast matching-network tuning.  

 This paper is organized as follows. The hybrid transformer 

based impedance detection technique is introduced in Section 

II. The overall circuit implementation is discussed in Section III.

Section IV presents the measurement results and the die photo,

implemented in 40-nm CMOS process. Finally, conclusion is

drawn in Section V.
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II. IMPEDANCE DETECTION USING HYBRID TRANSFORMER  

A hybrid transformer has been traditionally used in the 

telephone plant [15]. The hybrid transformer is a five port 

passive component as shown in Fig. 1. The three ports of the 

primary coil connect to PB, PC and PD, and the two ports of the 

secondary coil connect to the differential PA. An useful 

characteristic of the hybrid transformer is its bi-conjugacy. i. e., 

if impedances at  PB and PD are matched, no signal from PA 

appears at PC (isolated). By virtue of the characteristic, The 

hybrid transformer  has been used for duplexer [16]-[18] to 

achieve a high TX-RX isolation by satisfying an electrical 

balance. In this work, the hybrid transformer is utilized in a 

different configuration for the impedance detection. In the 

primary coil, a detection port is tapped at a ratio of 1:r, as shown 

in Fig. 1. Assume r=1, in which case the detection port is the 

center tap of the primary coil, if the load impedance at PB equals 

the load impedance PD, i. e. ZB = ZD, the signal from the 

differential PA will be coupled to the primary coil, and no signal 

current will flow into the detection port, PC, as a common mode 

port. As ZD deviates more from ZB, the power that goes into the 

detection port (i.e., PC) will be higher.  

The concept of the proposed detection technique using a 

hybrid transformer is shown in Fig. 2..The actual impedance 

seen from the transformer (i.e. Z’Ant or Γ’Ant) is compared to the 

desired optimum reference impedance (ZOpt), and the amplitude 

and phase of the detected “leakage” signal ( DetV ) is utilized to 

determine the antenna impedance.  

The ideal S-matrix of the hybrid transformer in Fig. 2 can be 

defined as [17] 
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where aDet, aPA, aAnt, aOpt,  bDet, bPA, bAnt and bOpt,  are incident 

and reflected power waves at each nodes (Ant, Det, PA and 

Opt). 

To calculate the relation between DetV  and  PAV , bDet is 

derived from the S-matrix as   
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aAnt and aOpt can be also calculated as 
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where Γ’Ant and ΓOpt  are reflection coefficients from Ant and 

Opt nodes,  
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Fig. 2.  Conceptual diagram of the antenna-impedance detection. 
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Fig. 3.  Calibration scheme of the antenna-impedance detection. 
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Fig. 1.  Hybrid transformer [15].  
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Ro is 50Ω in this case and Opt node is matched when ZOpt is 

equal to rRo [15]. 

Thus, the relation between DetV  and PAV  is 
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where Opt node is matched. 

As (10), when ZOpt of 8Ω (  85016.0orR ) is loaded, 

the phase difference between DetV  and PAV  reveals the phase 

of Γ’Ant, and the ratio of the amplitude of DetV  over PAV  is the 

amplitude of Γ’Ant multiplied by a constant depending on r, 

which is the aspect ratio of the transformer.  

The impedance detection is done by an IQ down-conversion, 

as shown in Fig. 3, which preserves both amplitude and phase 

information. The switching signal of the IQ mixers is generated 

by the IQ generation. Note that the phase information of the IQ-

mixer outputs (i.e. atan-1(VDet,Q/VDet,I)) includes not only the 

phase of Γ’Ant, but also phase offsets (φoffset) introduced by the 

PA, the transformer, IQ generation, and the buffer. To improve 

the precision of ΓAnt detection, an impedance calibration is 

necessary to de-embed the following parameters: 

1) The phase offset φoffset.  

2) The absolute gain of the detection path 

3) The impedance transformation of the 50Ω TMN (i.e. from 

ΓAnt to Γ’Ant). 
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where S11,S12 and S21 are s-parameters of TMN. If the TMN has 

50Ω of characteristic impedance i.e. |S11|→0 and |S22|→0, 
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Therefore, in practice,  DetV  can be redefined as  

 

   

AntCal

Ant

j

PA

Ant

j

PADet

F

r

r
sseAV

r

r
eAVV

offset

offset













1

1

2112

'





   (13), 

where φoffset is due to the phase offsets between path 1 and path 

2, A is the gain of path 1. 

CalF  in (13) is necessary to be characterized to accurately 

derive ΓAnt from DetV . CalF  is characterized through a 

calibration scheme by shunting to a known (mismatched) 

impedance at the TMN input. In this condition, the I and Q 

outputs of the detection circuit are VDet,I|Cal and VDet,Q|Cal. Thus, 

CalF  is  
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Then, the actual detected antenna reflection coefficient after 

calibration can be written as 
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Fig. 1.  Hybrid transformer [4].  
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Fig. 4.  Top-level diagram of the front-end module for impedance mismatch detection and tuning. 
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The impedance calibration is done by switching to a 

reference impedance with a known ΓCal (e.g.,ΓCal of 0.5, or ZCal 

of 150Ω, is used in this design) at the antenna port. As shown 

in (15), the ratio between the known ΓCal and the corresponding 

detected IQ levels (VDet,I|Cal + j·VDet,Q|Cal) is used to derive the 

actual ΓDet. Note that the proposed calibration technique focuses 

on calibrating path-dependent parameters since those 

parameters are the major contributors on the proposed 

impedance detection precision. Non-path dependent 

parameters, e. g. load impedance dependence in PA, can also 

affect the detection precision. 

III. CIRCUIT IMPLEMENTATION 

A. Overall Architecture 

Fig. 4 shows the implemented top-level diagram. A front-end 

module that comprises PA and RX is integrated to estimate the 

performance of the impedance detection technique. A sliding-

IF architecture is adopted for the RX since it is suitable for ULP 

applications, e.g., wearable/implantable devices. The balun for 

the differential PA is reused for the hybrid transformer, with an 

extra tap to the detection circuits. A TMN with a two-stage PI 

network is implemented with a tuning range to cover |ΓAnt| of 

up to 0.5. The down-converter converts the signal at the 

detection port of the hybrid transformer for a complex 

impedance detection.  Furthermore, switches SWDET, SWPA and 

SWRX select between a detection mode, a PA mode (hybrid 

transformer as a normal balun), and an RX mode. The control 

block would comprise a simple ADC, processor and memory. 

Since the control block can operate at system clock (normally, 

tens of MHz of crystal oscillator), its power consumption is 

relatively negligible compared to other detection circuits. 

Moreover, the proposed TMN only operates in the detection 

mode. Therefore, the power consumption of the control block 

does not contribute in the normal operation mode. 

B. Hybrid Transformer 

Comparing to the detector using weak coupling in [9], the 

hybrid transformer is more reliable, because its behavior is 

better controlled and less vulnerable to undesired coupling (e.g., 

EM coupling from the LC-tank of an oscillator). The 

transformer has an additional output power loss at the Opt load, 

which depends on the aspect ratio, r,  as [17] 

 rPLOSS  1log10 10        (16).  

However, as explained in (10), the mismatch detection 

capability is also degraded since the detection signal level is 

curtailed by low r (r <1). Therefore, the power consumption of 

the impedance detection part should be increased at low r. 

Considering the trade-off between loss and power consumption, 
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Fig. 5. Top view layout of the hybrid transformer. 
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Fig. 6. Trade-off of hybrid transformer: Power loss at the Opt load, VDet 
attenuation and power consumption of TMN. 

TABLE I 
SIMULATED INDUCTANCE VALUES AND QUALITY FACTORS OF HYBRID 

TRANSFORMER  

@2.4 GHz Inductance (nH) Quality Factor 

Primary (ZAnt, ZOpt) 3.5 9.3 
Secondary (PA+, PA-) 2.9 10.2 

Coupling Coefficient 0.85 
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Fig. 7.  (a) Two-stage pi-LC tunable matching network. (b) Unit cell of the 

switchable capacitor. 
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r is set to 0.16 to achieve sub-mW of power consumption. When 

r = 0.16, the power loss at the reference load is about 0.6 dB 

and the proposed TMN dissipates 0.83 mW as illustrated in Fig. 

6. As shown in Fig. 5, the transformer has 3-turn-to-3-turn ratio. 

The detection port lies at the position close to the ZOpt  port, to 

achieve r = 0.16. The simulated inductance values and coupling 

factor are listed in Table I. 

C. Tunable Matching Network 

The tuning capability is achieved from the shunt switchable 

capacitor banks, as shown in Fig. 7, which has lower loss and 

better linearity than series tunable capacitors. The TMN is 

characterized to map a setting for the optimum PA and LNA 

performance to each of the ΓAnt values. Note that the passive 

components in the TMN are less sensitive to the temperature 

and supply, as a result of which frequent impedance calibration 

is not necessary. The TMN is sensitive to variations of the 

capacitors, which can be characterized in practice and applied 

to the default look-up-table (LUT). The detailed tuning method 

is described in Section IV. 

D. Detected Signal Down Converter 

The signal level at the detection port is converted by the 

proposed down converter as shown in Fig. 8. The down 

converter includes a trans-conductance stage (gm), with a high 

impedance at the input and to provide the voltage to current 

conversion. I and Q passive mixers, trans-impedance amplifiers 

(TIAs) and IQ generator are followed. The gm stage is a self-

biased inverter, with switch transistor at the sources of the 

PMOS and NMOS, and is also possible to disable the gm when 

the detection is not necessary. The TIA further convert the 

current into voltage afterwards. IQ generator produces the 

quadrature signals for the mixer. The detailed operation of IQ 

generator and its calibration is explained in the following 

section. LO feedthrough can be introduced by the proposed 

downconverter due to the limited reverse isolation of gm cell. 

However, the LO feedthrough does not affect to the normal PA 

or RX operation since the proposed impedance detection is 

duty-cycled operation. The impedance detection circuit only 

operates in the detection mode. Otherwise, in the normal PA or 

RX mode, it is disabled.   

E. DTC-Based IQ Generator 

Since a conventional quadrature-LO generation at the carrier 

frequency is too power hungry (~few mW) for just impedance 

detection and is not readily available from the sliding-IF 

structure, in this work, a dedicated ultra-low-power digital-to-

time-converter (DTC) [19] based quadrature-LO generation 

with a relaxed noise performance is proposed, as shown in Fig. 

9. The 2.4 GHz quadrature signals are generated by DTC, which 

comprises inverters and switchable capacitors. The delay of 

DTC can be controlled by digitally-controlled switchable 

capacitors. The DTC architecture is simple and consumes low 

power. However, the actual delay is sensitive to the accuracy of 

the capacitor value and process/voltage/temperature corners. To 

assure a 90° delay, a calibration scheme is further proposed, by 

comparing the outputs of the XOR and XNOR operations on 

the IQ signals.  If the delay is less than 90°, the DC value of 
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Fig. 8.  Detected signal down converter for the impedance mismatch detection. 
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Fig. 9.  DTC-based IQ generator and its calibration using XOR and XNOR.  
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Fig. 10.  Circuit diagram of the symmetrical XOR and XNOR. 
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XOR is less than that of XNOR, the case is vice versa if the 

delay is higher than 90°. When the delay is 90°, the DC values 

of XOR  and XNOR are equal. The circuit block for the 

symmetrical XOR to minimize input phase offset is shown in 

Fig. 10. The XNOR operation can be implemented by swapping 

differential Q inputs. Similar as in the down converter, switches 

are added to disable the XOR and XNOR to reduce current 

consumption after calibration.  

The simulated DC values of XOR and XNOR and quadrature 

phase difference values versus the delay code are shown in Fig. 

11. Fig. 12 illustrates the simulated IQ phase mismatch after 

calibration over process variation. The maximum IQ phase 

mismatch is only 3.1°.  

F. Low-Power Front-End Module 

To verify the detection technique, the TMN is integrated with 

a low-power front-end module, including a 2.4GHz differential 

Class-D PA [20] and a sliding-IF RX. The class-D topology has 

higher efficiency by switching-mode operation [21]. Compared 

to class-E, its impedance matching network is easier to design. 

Note that the matching network is also necessary to suppress 

the harmonics from the switching PA. To share the TMN, the 

same optimum load/source impedance is designed for the 

PA/LNA, and a fixed matching network at the LNA input is 

used to match to a higher impedance.  

IV. MEASUREMENT RESULTS 

The chip is fabricated in 40-nm CMOS, occupying a core 

area of 1.1×1.1mm2 as shown in Fig. 13. The power 

consumption of the detection is only 0.83 mW (including 

0.6mW for the IQ generation and its buffering). A source/load 

impedance tuner is used to verify the impedance detection and 

characterize the RX and PA performance in case of impedance 

variation. The impedance tuning method can be explained as 

follows. First, the impedance calibration is implemented with a 

known Zcal (150Ω in this work) and a default TMN setting. As 

a result, CalF  in (14) is achieved. The detected antenna 

reflection coefficient in the first step after the impedance 

calibration described in Section II, 1Det , is calculated from 

(15) with the known  CalF . Note that the CalF  also calibrates 

the PVT variation. Moreover, the impedance of the default 

TMN setting, ZTMN,default, is also calculated as 
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Fig. 12.  Simulated IQ phase mismatch after calibration with process corners. 

 

 
Fig. 13.  Die Microphotograph. 
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Fig. 14.  Measured (a) impedance detection outputs, (b) extracted phase and 

(c) amplitude information  
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Second, after the calibration process, the antenna impedance, 
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where 2Det is the detected antenna reflection coefficient in 

the second step. 

Finally, the impedance of TMN by optimum setting, 

ZTMN,optimum is obtained as 
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where optimumAnt, is the antenna reflection coefficient to 

achieve ZTMN,optimum. Those values can be also organized in a 

LUT. Therefore, the single-step tuning can be realized. 

Fig. 14 shows the measured I and Q levels for different ΓAnt 

(a), the calibrated phase (b) and amplitude of ΓDet (c). The raw 

IQ levels result in a phase error of about 190° and the 

amplitudes are not directly linked to the |ΓAnt|. After calibration, 

the phase of ΓDet corresponds to the phase of the actual ΓAnt, and 

is not dependent to |ΓAnt|, as shown in Fig. 14(b). The detection 

phase is significantly improved after calibration with a worst-

case error of about 18°, which is sufficient for the impedance 

tuning. One of the main contributors to the accuracy as 18º is 

coupling. By virtue of on-chip TMN integration, various 

couplings, e. g. L-to-L coupling among transformer and 

inductors and C coupling in inter transformer can affect to the 

accuracy compared to the off-chip matching. The calibrated 

|ΓDet| shows a good accuracy with an error of about 0.1 up to 

|ΓAnt| of 0.5. Based on the detected impedance, an optimum 

TMN setting is applied for the RX and PA. The measured S11 

tuning range of the TMN in the smith chart is shown in Fig. 15. 

The S11 result can be also regarded as the conjugate S11 range 

of ZAnt (Z*
Ant) to match ZAnt. The resulted noise figure (NF) of 

the RX is illustrated in Fig. 16, in comparison with the non-

tuned case (with TMN setting for 50Ω matching). The NF is 

improved up to 0.9dB and 1.3dB for |ΓAnt| of 0.3 and 0.5. 

TABLE II 

PERFORMANCE SUMMARY AND COMPARISON OF THE MISMATCH DETECTION 

AND TUNING SYSTEMS 

[3] ISSCC2009 [5] JSSC2014 [6] JSSC2014 This work

Detection method
Magnitude

only

Magnitude 

only

Polar using 

weak coupling

Polar using 

Hybrid 

Transformer

Tunable matching 

purpose
Return loss

TX power and 

efficiency

TX power and 

efficiency

TX power and 

efficiency, 

RX NF

|Γ| Tuning range - 0.3 0.7 0.5

Optimization method
Exhaustive

search

Exhaustive

search

Successive 

Approximation
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Fig. 15.  Measured S11 tuning range of TMN. 
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Fig. 16.  Measured RX noise figure with and without tuning. 
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Fig. 17.  Measured PA performance. (a) output power with and without tuning 

and (b) efficiency with and without tuning. 
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Marginal improvement of the NF is noticed for ΓAnt phase larger 

than 180°, which can be further improved by increasing the 

tuning range of the TMN. The output power  and the efficiency, 

η, of the PA are shown in Fig. 17, in comparison with the non-

tuned case (with TMN setting for 50Ω matching). The output 

power  is improved up to 0.5dB and 1.2dB for |ΓAnt| of 0.3 and 

0.5 respectively, while there is an overall improvement on η. 

Performance summary and comparison are shown in Table II.  

V. CONCLUSION 

This paper presents a novel impedance detection technique 

to compensate for the antenna impedance mismatch 

implemented in 40-nm CMOS process. The impedance 

mismatch is detected as the leakage signal due to the mismatch 

between actual antenna impedance and the reference 

impedance, via a hybrid transformer. The transformer serves 

both as the detection circuit and balun to convert from 

differential PA output to single-ended, is therefore area-

efficient. Moreover, the impedance detection also has the phase 

information, which can be utilized to derive the complex 

antenna impedance. The complex impedance detection can 

realize single-step TMN tuning. A calibration scheme is 

implemented to improve the detection accuracy from 190º to 18 

º, which is sufficient for impedance tuning. The detection 

circuit is co-designed together with the on-chip TMN to 

optimize the matching to cover impedance variation. It only 

dissipates 0.83 mW and no more power consumption is 

required after single-step impedance tuning. The TMN can 

cover ΓAnt up to 0.5 with the proposed impedance detection 

technique in the ISM 2.4-GHz band. After the single-step 

impedance tuning, the PA power and RX NF are improved by 

up to 1.2 dB and 1.3 dB, respectively. Using the proposed 

schemes, the fully integrated TMN is allowable for ULP 

wearable/implantable devices. 
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